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FOREWORD

This Yfeeting was intended to provide a collaborative up-dating of research information
on the aerodynamics of the stall at both low and high speeds;'to discuss this information
in relation to practical problems of designing and operating combat aircraft and transport
aircraft: to identify gaps in the knowledge and understanding of the problems involved, and
make recommendations for future research in the fluid dynamics field. The meeting
comprised twenty two papers, for three of which there were prepared discussions.

Recent work on the mechanics of flow separation was presented. A major subject
area was that-of, the high lift performance and stalling behaviour of three-dimensional wings,
including die influence of sweepback, the behaviour of high lift devices and the techniques
and methods evolved for wind tunnel research. Flight development experience on recent
combat and transport aircraft was described, and some papers concerned post-stall
behaviour and the important problem of high speed buffet in relation to the manoeuvring
of combat aircraft.

Host to the Fluid Dynamics Panel and all participants in the Meeting was the Portuguese
National Delegate to AGARD, Brig. General Eng. Aero. J. de Sousa Oliviera. The Panel
wishes to express its thanks for this invitation to hold the Meeting in Lisbon, and for the
provision of tCe necessary facilities and personnel which made the Meeting possible.

3-



--_ --5eF -t- -

CONTENTS

Page

AGA•:D FLUID DYNAMICS PANEL OFFICERS, PROGRAMME COMMITTEE AND

by R.C.Pankhurst vi

Reference
SESSION I - REVIEW OF THE FIELD

INVITED PAPER: ROLE OF FLUID DYNAMICS IN AIRCRAFT STALL AND POST
STALL GYRATIONS

by G.J.Hancock I

PREPARED COMMENT 1-14
by T.C.Muse

SESSION II - BASIC FLUID DYNAMICS

SOME RESEARCH ON TWO DIMENSIONAL LAMINAR SEPARATION BUBBLES
by E.Dobbinga, J.L. van Ingen and J.W.Kooi 2

RECHERCHES THEORIQUES ElT EXPERIMENTALES SUR LES DECOLLEMENTS LIES
A UNE DEFORMATION LOCALE DE SURFACE

par S.Burnel, G.B.Diep, P.Gougat et B.Prdnet-Foch 3

SESSION III - BASIC FLUID DYNAMICS AND TECHNIQUES

PREVISION DU DECROCHAGE D'UN PROFIL D'AMLE EN ECOI;LEMENT INCOMPRESSIBLE
par M.Vincent de Paul 5

PARAMETRIC STUDIES OF SEPARATING TURBULENT BOUNDARY LAYER FLOWS
by A.Wortman and W.J.Franks 6

DESIGN OF AIRFOILS WITH HIGH LIFT AT LOtW AND MEDIUM SUBSONIC
MACH NUMBERS

by F.X.Wortmann 7

COMMENT ON THE METHODS DEVELOPED AT THE NLR FOR CONDUCTING
TWO-DIMENSIONAL RESEARCH ON HIGH-LIFT DEVICES

by 0. de Vries 8

CORRECTION DE BLOCAGE DANS LES ESSAIS EN SOUFFLERIE - EFFETS DES
DECOLLEMENTS

par J.-C Vayssaire 9

SESSION IV - THEORY AND EXPERIMENT ON WINGS

AERODYNAMICS OF HIGH-LIFT AIRFOIL SYSTEMS
by A.M.O.Smith 10

PREPARED COMMENT 10-25
by D.Kilchemann

THE LOW-SPEED STALLING OF WINGS WITH HIGH LIFT DEVICES
by D.N.Fostei II

A SIMPLIFIED MATHEMATICAL MODEL FOR THE ANALYSIS OF MULTI-ELEMENT
AIRFOILS NEAR STALL

by I.C.Bhateley and R.C.Bradley 12



THE EFFECt OF LEADING-EDGECF T"-, I.R Orrm ".-G,,-nEED ST, 1.1'Uc-
by C.F.Miss, A.B.Haines and R . .':rd;.,

SFSSIOýT V 'is". W N.ib

A PRACTICAL LOOK AT THE STALL AND HIGH LIFT OPERATION OF EXTERNALLY
BLOWN FLAP STOL TRANSPORT CONFIGURATIONS

by D.J.Moorhouse 16

THE FLIGHT MECHANICS PROBLEM

AERODYNAMIC DESIGN AND FLIGHT TEST OF US NAVY AIRCRAFT AT
HIGH ANGLES OF ATTACK

by W.R.Burris and J.T.Lawrence 25

PREPARED COMMENT*
by Ph. Poisson-Quinton 25-10

SESSION VI - FLIGHT EXPERIENCE AND ASSOCIATED WORK

FLIGHT DEVELOPMENT OF THE STALLING CHARACTERISTICS OF A MILti i fY
TRAINER AIRCRAFT

by W.D.Horsfield and G.P.Wilson 17

STALL/POST-STALL CHARACTERISTICS OF THE F.I 11 AIRCRAFT
by C.A.Anderson. 18

POST/STALL AERODYNAMICS OF rHE "HARRIER" GRI
by C.L.Bore 19

AERODYNAMICS OF WING STALL OF THE FOKKER F.28
by Tj.Schuringa 20

PREDICTING THE LOW-SPEED STALL CHARACTERISTICS OF THE BOEING 747
by J.K.Wimpress 21

SESSION VII - FLIGHT EXPERIENCE AND ASSOCIATED WORK

ON AIRFLOW SEPARATION AND BUFFET OU!SET DURING FIGHTER AIRCRAFT
MANEUVERING

by P.J.Butkewicz 22

THE DYNAMIC ANALYSIS OF BUFFETING AND RELATED PHENOMENA
by J.G.Jones 23

MANEUVER AND BUFFET CHARACTERISTICS OF FIGHTER AIRCRAFT
by E.J.Ray, L.W.McKinney and J.G.Cirmicliael 24

APPENDICES

Appendix A - DISCUSSION OF PAPERS
Compiled by Madame J.Genet.

Appendix B - ROUND TABLE DISCUSSION
Summarised by R.C.Pankhurst

Appendix C - A SELECTION OF AGARD PUBLICATIONS IN RECENT YEARS

*Not available at nime of printing



TECHINCAL EVALUATION REPORT

by

Dr R.C.Pankhurst

.xU. al Aircraft Establishment, Teddington, U.K.

1. BACKGROUND, FORM AND SCOPE OF THE MEETING

Airciaft stalling characteristics at take-off and landing have always been of vital concern to aircraft design.
Nowadays, however, the importance of high-incidence characteristics is no longer restricted to low speeds, since
fightei aircrft engage in high-incidence manoevres at high Mach numbers, and high-speed transport aircraft reach
high-incidence conditions in cruise when they encounter a gust. Further, novel considerations have arisen from the
practical application of high-lift devices to current projects for aircraft with reduced landing and take-off runs: re-
newed impetus has been given to the study of multi-element wings, for example, and indued it is only very recently
that their fluid-dynamic processes have been studied in depth. Whilst inertial properties and pilot handling play
essential parts in determining stalling and post-stall behaviour, aerodynamics fills the key role in the task of en-suring the success of any new project; and it is certainly to the aerodynamicist that the designer is likely to turn

first for remedial modifications to a design that falls short of its target specification.

This meeting was therefore concerned with the aerodynamics of the aircraft stall at both low speeds and high,
with particular reference to the design and operation of combat and transport aircraft, including buffet penetration
and post-stall behaviour. Major subject areas concerned flight experience, flight testing, wind-tunnel measurements
and theoretical prediction methods, including the effects of three-dimensional flow, the influence of sweepback and
the design and performance of high-lift devices. Consideration of special types of V/STOL aircraft were excluded,
however, apart from occasional excursions such as the paper16 on transport aircraft with externally blown flaps.

Although flight aspects were discussed as well as fluid dynamics per se, this was not a joint meeting with the
Flight Mechanics Panel; stll less was it allowed to become consecutive sessions devoted to the two topics. The
framework that the Programme Committee had constructed for the meeting consisted of three papers, each followed
by prepared comment from an invited speaker and then by other papers and discussion in the area concerned, devoted
respectively to the general role of fluid dynamics in the overall context of aircraft stalling and post-stall behaviour',
the aerodynamics of high-lift aerofoils fitted with slats, slots and flaps' 0 , and design considerations and flight test
procedures fur aircraft at high angles of incidence2". This framework made it possible to set fluid dynamics aspects
and flight experience side by side so as to help determine the directions that might most profitably be taken by
further work.

The achieve ents and shortcomings of the meeting afe assessed in Section 2 of this report, and Conclusions are
drawn in Section 7. Section 3 describes briefly the broad technical perspective of the subject, whilst Sections 4 to 6
are concerned with detail. A list of the papers presented follows Section 7.

2. ASSESSMENT OF ACHIEVEMENTS AND SHORTCOMINGS

The juxtaposition of the sessions on flight behaviour, on practical aerodynamics and on basic fluid dynamics
must certainly have impressed several important considerations on those concerned with the fundamentals of the
subject, particularly the great importance of always relating the study of fluid mechanical processes to aircraft flight
behaviour. This applies perhaps particularly to the recognition of successive stages that can be passed through from
the conditions of cruising flight at low angles of incidence to those obtaining at and beyond the point of departure
from controlled flight. Striking examples for two aircraft were included in Paper 25. one of these formed the basis
of the illustrative sketch shown in F;gure I of this evaluation report. All the stages are distinguishable in terms of
differences in flight behaviour (cf Section 6.1). Increased appreciation oi these successive flight regimes, together
with the ability to correlate them closely with their corresponding flow patterns, would help those engaged in aero-
dynamics research to increase the relevance of their work, particularly as some of the contributions on basic aspects
seemed rather far from making an impact on practical problems of aircraft design and operation.

Several of the papers on applied research describ.ed important advances aid presented valuable results (including
some definitive data) on realistic geometrical configurations, and most of the papers on flight experience were of
interest in their own right as well as in respect of the fluid dynamic processe.-s underlying the observe, flight behaviour.

The Round Table Discussion at the close of the meeting, however, proved to be rather le.ss produitive than had
been hoped, at least as far as the emergence of cleai-Lut directives fur future work was concerned. For this reason,
the conclusions drawn in Section 7 are ne~essaril) th•. personal interpretation of the audior of this Tthnical
E'aluatior Report. They are, however, believed to represent fairly the consensus of opinion as far as this was
expressed at the meoting. C



3. f-lE BROAD TECHNICAL PERSPECTIVE

The continuing need for spin/stall research, and for exhaustive wkzg-tunnel investigations prior to flight test
development, has been underlined by aircraft accident statistics"3 in terms of loss of life and capital investment, for

both civil and military aeroplanes. The vest number of small propeller-&iven aircraft constitutes a significant
proportion of the total field.

Early during the course of the meeting it became clear that, in the --6sence ot generally agreed usage, such terms
as 'stalling', 'flow separation' and 'buffet onset' need to be defined whenever they are introduced. On the other
hand, there is little ambiguity in the terms used to describe phenomena that mark the ultimate bound of the term
'departure' to denote loss of control, characterised by divergent uncommanded aircraft motioj-3 of large amplitude
(such as pitch up, nose slice or snap roll). Also early in the meeting, a large number of problem areas and research
requirements were indicated in general terms', particularly the following: further depth-studies of multiple-element
wings, including the complex interaction that occurs between the wake shed by an upstream element, the flow through
the gap between successive elements, and the newly developing boundary layer on the downstream element; the
prediction of wing characteristics in separated flow, and beyond maximum lift, and not just the incidence at which
separation occurs; the role of Reynolds number in separated-flow conditions; dynamic effects due to rate of change
of incidence; study of the downwash field in the presence of slats and flaps after flow breakdown has occurred, with
special reference to conditions at the tailplane; ground effect, and slipstream effects, in separated-flow conditions;
wind-tunnel methods for studying and predicting buffet 'nset and growth; and tunnel interference and constraint
effects in separated-flow conditions. A number orf these problem areas and reserch requirements were brought into

! focus later in the meeting.

Subsequent sections of this Report discuss in turn basic fluid dynamics and wind-tunnel techniques (Section 4),

the aerodynamics of high-lift wings (Section 5), and flight experience (Section 6). An attempt is made to draw broad
! conclusions from the meeting in Section 7.

4. BASIC FLUID DYNAMICS, AND WIND-TUNNEL TECHNIQUES

A common feature of many flow patterns at the stall is the occurence of laminar separation followed by re-
' attachment (usually after transition in the free shear layer and at least with the flow at reattachment highly disturb-

ed'); subsequent separation then takes place to%, ards the trailing edge. Valuable studies (such as those of Papers 2
and 3) have been made in two-dimensional flow. They need to be extended to higher Reynolds numbers, however,

and to include detailed examination of conditions at re-attachment and of the subsequent development of the flow
downstream. The effects of stream turbulence also warrant study; practical engineering applications include the
cascade rows of turbomachinery as well as aircraft wings at high incidence.

In the theoretical treatment, the use of the boundary-layer equations ;n the presence of separation (see also
Paper 5) call only be justified as an engineering approximation, since they are parabolic in form whereas the velocity

field in regions of flow separation need to be described by equations that are elliptic. As Prof Domingos pointed out,
since the boundary-layer equations are themselves a simplification of elliptic equations, the whole field can be des-
cribed in these terms; alternatively the region of attached flow can be described by the boundary-layer approximation
and the separated region by elliptic equations, the whole problem being solved by iteration.

More data are needed on the transport properties of turbulent boundary-layers,, together with further improved
mathematical models. This applies especially to three-dimensional flow, and here further complications arise from
structural requirements imposed by engineering considerations (such as flap support brackets).

Whilst three-dimensional effects dominate tile development of the stall on a wing of finite aspect ratio, valuable
pointers can still be obtained from two-dimensional acrofoil characteristics'-7,-. at least when the stall is of the trail.ng-
edge type". Boundary-layer -ontrol applied to tl-e wind-tunnel wall nmakes possible a closer approach to two-
dimensional flow in high-lift conditions;8 at the same time it is well know.) that quite small degrees of spanwise flow
can produce marked departures from how the boundary layer and overall flow pattern would have developed in truly
two-dimensional conditions.

More work needs to be done on tunnel interference, particularlý very close to M = I, on support interference and
on proper model-scale representation of the engine. Reassuring evidence of the validity of available separated-flow
blockage corrections has been obtained 9 .

5. AERODYNAMICS OF HIGH-LIFT WINGS

Tile paper by A.M 0. Smith'0 represents a considerable advance in our understanding of the flow mechanisms of
slats, slots and flaps. The use of so-called 'canonical' pressure distributions leads to important prLictical conclusions
about the occurence of separation and means for preventing separation and attaining high lift, such as 'dumping tile
flow' at high trailing-edge velocities. The paper also distinguishes four further features in the flow mechanism of
multiple-element aerofoils, namely (a) slat circulation (wvhich reduces the vclocity peak onthe main part of the

vii "



aerofoil), (b) circulation effect (increase in lift on a forwardi element because of the upwash induced at its trailing

edge by the element next downstream), (c) off-the-surface pressure recovery (a more effective method than for a
A I boundary layer on the surface), and (d) fresh-boundary-layer effect (leading to a greater ability to surmount adverse

pressure gradients further aft). There is also 102 an adverse tnvisci.-elow effect due to the non-uniform stream to
which a flap is exposed because of the wake shed by the main aerofoil immediately upstream, although it: magni-
tude remains to be determined. Of the areas needing further study, perhaps the most important to aeroplane design

aie the development of inverse methods (i.e. design procedures) for multiple-element aerofoils and extensions to

three-dimensional flow, for which different compressibility factors are needed for the several terms involved: a single
overall' factor is unlikely to suffice. Meanwhile a simplified mathematical model for two-dimensional aerofoils with
sPort separation bubbles has also been described"2 and is being developed furthel. Elvewhere methods are also being
developed for calculating flows with shock waves, in both two-dimensioiil and three-dimensional conditions.

In complex practical situations with wings of finite aspect ratio at high incidence with high-lift devices deployed,
•. however, wind-tunnel testing will still be needed, both for final checks and for obtaining exploratory data so as to

effect economics in the subsequent development phae. One of thg conciusions of Paper II, for instance, was that

wakes shed by slat brackets on the upper surface of a swept wing could trigger flow separation and thus change the

stall pattrn and the maximum lift coefficient. In model-scale testing at reduced Reynolds numbers it is essent~al to
reproduce thie type of flow pattern of the full-scale prototype: this requires fore-knowledge or sure prediction of what
the full-scale flow pattern would be, and may involve the use of transition-tripping devices of unacceptably large size.

Again, the effect of changes in Mach number depends on the type of stalling pattern, and can thus vary froni one
Reynolds number to another. Such observations point the need for a wind-tunnel in which Reynolds number and
Mach number can be varied independentty: basing an aircraft design on tile results of tests in existing low-speed

tunnels may easily prevent its full-scale potential from being fully realised.

The differing requirements of wing design at high speeds and fow, and ine need to retain good aerodynamic

characteristics throughout the :Teed range, suggests the decirability of a nose shape that can be varied continuously.
A promising practical means of doing so is providcd by the vana- e-aerofoil mechaoism deveioped at the Royal Air-
craft Establishment (RAEVeikM) and descrb-ed in Paper 13, which presen!: .tudies of various types of change in
leading-edge geometry and stresses th- need for further rcsearc .:r :,oti tvo-dimensional and three-dimernsional con-
ditions and for developing improved leading-edge devices to operate in the hiblly Lomplex flow patterns that arise at
high Mach numbers and high angles of incidence.

Paper 16 constituted an excursion into the special area of externally blown flaps, and 4t the same time provided a

bridge between wing aerodynamics and flight experience. Salient points were (a) thie distinction between the maximum
attainable lift and that actually usable in order to ensur. acceptable stalling charactenrstics, (b) the possibility of un-

acceptal'_ attitudes in tir~ case of as S1 OL aircraft with externally blowvn flaps (because of the %.erf low stalling in-
cidence), (c) the importance of adequate lateral control in order to cope with the large rolling moment that adies if
an engine fails on one wing of an aircraft with externally flaps, and (d) the insufficiency of applying traditional stall
;nargii criteria t-, STOL aircraft, for which a load-factor margin is suggested in place of the usual speed criterion.

In the case of powercd-lift aircraft there is a dearth of flight experience at speeds below the power-off stall.
-' Fliqat limttations in this condition will have to be thoroughly investigated, and the aircraft characteristics required

need to be specified.

6. FLIGHT EXPERIENCE AND ASSOCIATED INVESTIGATIONS

6.1. Required scope of investigation.

Flight testing at high angles of incidence must certainly cover the range of flight conditions from buffet onset

to departure from controlled flight*. It siiould .over also past stall gy rations, spinning and spin recovery, although the
greater emphasis should normally be placed on the usable incidence range up to stall,'departure and on stall,'spin

avoidance and prevention. The importance of wind-tunnel and theoretical studies of fluid mechanical processes in
relation to aircraft flight dynamics is emphasised in Paper I, whilst Paper Z5 indicates the wide variety of wind-
tunnel facilities that need to be employed in order to define the aerdy namics of an aircraft in terms of successive
stages of flight dynamical behaviour (cf Fig 1).

In the high-incidence flight test procedures followed by the US Navy", buffet onset is defined to occur when
oscillations in normal acceleration at the t.entre of gravity of the aircraft reach 10.05g. The observations are usually
made during a %vmd-up turn manoevrc but the band-width f he acceleration signal is not specified. The buffet onset

Lan be calculated on an empiri.al basis, predicted Iront wnd-t,; ncl measurements or measured in flight, but the sub-
sequent build-up of buffet intctnsity of value and importance ab a warning of impending stall o0 .lcparture can be
estimated only roughly. There is a need to develop methods ,or delaing buffet onset and for ensuring that buffet

* Dcparturc is hiaractcnscd by divcrgent on~ommandcd aircraft motiur, uf large amplitude, su.h as pit-h-up, nose slice or snap roll it
is a pust-stall phcnomcnon although on modern fighte, aircraft it ou,.urs it nearly the same incidence as the stall. Pub; stall gytations are
un,ontlullablc oscillations ,.. ,1ing ,tcparture and pr.ecding spinning. By way of illustration, the stalling sequence for a particular air-
craft is depicted in Figure i. based on Figure 3 of Paper 25.



' intensity builds up in a satisfactory manner while still maintaining a high degree of manoeverability: buffet of suffi-
cient intensity impairs tracking ability and weapon effectiveness, to a different extent from one weapon to another.
Whilst maximum lift niay be estimated from wind-tunnel tests, buffeting may become unacceptable at a lower angle
of incidence that is difficult to predict.

The angle of incidence at departure has been shown to correlate well with the dynamic directional-
stability parameter defined by the equation

Cnody ý= CnO - (Iz/lx)C 1 sin a

where Cn_ denotes the static ,firectional-stability derivative, I1 and Ix are moments of inertia, and C1  the
rolling--noment derivative. More research is needed, however, to establish whether or not there may be ftfrther
parameters of importance.

There is a great need for improved criteria relating to manoevring characteristics at high speeds, and for ex-

tended test-facility capability: adequate low-speed tunnel installations need to be developed 25a for testing at
extreme angles of incidence and sideslip, such as variable-density tunnels with advanced instrumentation for 6-
component measurements of dynamic characteristics up to 90 deg. and with the propulsion system adequately
simulated. Provision should also be made for ground-effect investigations, and possily also for gust simulation.
For transonic testing a large pressurised tunnel is essential in order to provide a wide range of Reynolds number
and to cover all the flight conditions. In comparisons between wind-tunnel and flight-test results there is a need
both for increased measurement accuracy and for improved methods of analysis, whilst tile use of the wind-tunnel
to check analytie•l prediction methods that are currently being developed for stalled and post-stall conditions
should be preceded by investigations to confirm the validity of the wind-tunnel techniques in these conditions:
stalling accidents can only be prevented by extensive wind-tunne! testing combined with analysis in depth. It
would be valuable to conduct systematic tests on a control model in a range of wind-tunnels, so as to validate
testing techniques and establish reliable wall corrections.

6.2. Buffet, buffeting and wing rock 22' 24, 23

The intense buffeting that arises from extensih e fk,lw separation causes severe deterioration of aircraft handling quali-
ties and tracking ability, and thus severely degrades combat notential. In high-speed manoeuvres, the use of flaps and slats
can delay flow separation and the subsequent loss of combat capability 22. Predictions of initial flow separation from wind-
tunnel results are then found to be poor, however, further work is needed on buffet data correlation, on the relationship
between heavy buffet and loss of dynamic stability, and on the optimisatziw, of flat/slat operating s-hedules in manoeuv-
ring flight.

As alternative to leading-edge slats or Kruger flaps as a means of postponing the stall, use can be made of a sharp-
edged 'manouevre strake"'24 . this device is a highly swept fillet at the wing-fuselage junction, and provides vortex lift up
to high angles of incidence, with little weight penalty. Tests on a particular wing configuration showed that, although
buffet began at a low lift coefficient, buffet intensity did not exhibit a subsequent rise. No limitation in usable lift appear-
ed to be imposed by buffet induced by vortex bursting. The drag, although increased slightly .! low lift, waý reduced
.Ipbstantially at high lift, on the other hand, in another series of tests the lift increase and drag reduction due to a man-
oeuvre strake were diminished when leading-edge flaps were deflected.

rlhe dynamic ar,nilysis of buffeting, and the prediction of aircraft behaviour beyond buffet onset, are im-
portant to civil transport 2ircraft when they encounter gusts, as well as to combat aircraft manoeuvring at
transonic speeds. Wing structu;.rm baffeting (predominantly in the wing bending mode) and wing rocking (a
rigid-body mode) can be described iit.:hematically2 ' either by a forced-vibration approach based on the fluctuating
pait of measured aerodynamic foices or by a non-linear flutter-type approach based on mean aerodynamic forces
and using equations that represent a limit cycle instead of containinp time explicitly. The linear forced-vibration
method is generally considered appropriate to tile stdy of wing structural btAtfeting, although its range of app-
licability needs to be established. In general there is a closed-leep interactioi betwieen wing motion and aero-
dynamic forces, and the choice between forced-vibration and limit-cycle models can be made on the basis of an
experiment in which the power spectra of pressure or load fluctuations for a fixed wing are compared with those
for a wing that is forced to oscillate sinusoidally. In the case of wing rocking, further investigations are needed
in order to est.blish which charactkiistics can bc deduced from wing-tuanel tests on rigid models. Buffeting can
be predicitd from tests of fixed wings, provided wing motion produces a purely additive pressure field.

6.3. Stall warning, stalling behaviour and post-stall characteristics

"In order to meet hie requirements of stall warl-mng through buffet onset or stick sl~ake, of nose-down
ji,,.hing at the stall (without excessive wing drop), and of maintairing lateral, directional and pitch control up to
,rod beyond the stall, ,t is often necessary to introdiie aircraft madifkations at the prototype flight testing stage.

r- 9
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On the BAC Jet Provost Mark 5 (military trainer) and Strikemaster 167, for instance17 the nose drop at the
stall was initially not sufficiently pronounced for training purposes, and the maximum lift was too low: modifi-
cations had to be devised that increased the maximum lift and improved the nose dropping characteristics with-
out loss of stall warning (provided by airframe buffeting due to impingement of the wing wake on the tailplane).
Again, wind-tunnel and flight tests determined the modifications needed to ensure high maximum lift combined
with nose-down pitching moment at the stall for the Fokker F-28 short-haul aeroplane20 . Similarly based investi-
gations were also made to ensure good high-incidence handling characteristics (freedom from wing drop, from
pitch up and from wing rock) for the Haxker Siddeley Harrier 19 ; a method for buffet prediction was also
devised.

The economic importance of predicting stalling speed accurately for aircraft such as the Boeing 747 is
exemplified by a loss of 38 per cent in payload (or 55 per cent in potential profit) that corr.sponds to a 5 per
cent error in the determination of stalling speed21 when the zrcraft is designed so as to be able to land with full
payload in exactly the field length available. For this aeroplane it was found that tunnel tests at a Reynolds
number of 1 x 106, together with check tests at 7.5 x 106 and a good deal of engineering judgement based on
experience, did enable satisfactory estimates of stalling speed to be made for the full-scale Reynolds number of
40 x 106. It should be noted, however, that the extrapolations were able to make use of factors derived from
previous Boeing aircraft of largely similar basic design: in general, a detailed understanding of the aerodynamics
would need to be obtained.

From investigations made to establish the stalling and post-stalling characteristics of the Convair F- 11
aircraft1 8 it was concluded that wind-tunnel static and dynamic derivative data for use in flight-simulator studies
need to be obtained at high Reynolds numbers and full-scale Mach numbers. Results from instrumented, radio-
controlled dropped-model measurements of the overall aerodynamic coefficients help to improve the data obtained
from a wind-tunnel and provide information on departure characteristics, post stall behaviour and spin suscepti-
blity; because of Mach number and Reynolds number limitations, however, full-scale flight test data also are required.
A, regards full-scale flight tests, it was concluded that emphasis should be placed on Ftall/post stall recovery proced-
ures and on spin susceptibility. Prior tests using a model in free flight in a wind tunnel serve to indicate conditions
foi ,aw divergence and thus provide a valuable basis for determining the maximum angles of incidence tp be used at
full scale, but the vertical (spin) tunnel is regarded as having only limited value. Analytical prediction methods are
expected to be used increasingly.

7. CONCLUSIONS

The broad conclusions to be drawn from the meeting may be summarised as follows:

(a) Accident statistics, the operating economics of civil aeroplanes, and the effect of buffet on the tracking
ability, weapon effectiveness and combat potential of military aircraft, combine to emphasise the vital
importance of the aerodynamics of the stall to both military and civil aircraft at take-off and landing,
to aPi.itiTy aircraft in high-speed manoeuvres, and to civil aircraft on encountering gusts during cruise.

(b) Besides ensuring that buffet onset does not occur at unacceptably low angles of incidence, the aircraft
designer must also ensure that the subsequent build-up of buffet intensity w•-h increase of lift coe-
eftiient takes place in a manner that is conducive to satisfactory aircraft handling characteristics.

(c) Several noval considerations will be involved in certain aspects of the stalling of special types of VTOL
"and STOL aircraft such as those with externally blown flaps. For the most part, however, such con-
figurations lay outside the scope of the meeting.

(d) A great deal of work is currently in progress on the basic fluid dynamics of stalling phenomena. It
tends, however, to be pre-occupied with considerations of boundary-layer separation: not enough atten-
tion is being paid to reattachment and the subsequent development of the flow downstream.

(e) The effects of stream turbulence on stalling characteristics warrant investigation because of their import-
ance to turbomachinery cascades.

(f) Highly significant advances have been made recently concerning the mechanism of flow over multiple-
element aerofoils (i.e. aerofoils with slats, slots and flaps) in two-dimensional, incompressible flow
conditions. There is great scope for the extension of this work to wings of finite aspect ratio in
compressible flow, the development of inverse methods (i.e. design procedures), inclusion of the effects
interactions that take place between the flow leaving one element and that developing on the next.

(g) Wind-tunnel techniques need to be improved in respect of constraint corrections near M = 1, model
support interference, engine-flow simulation, and testing at cxtreme angles of incidence and sideslip
S(including dynamic characteristics).



(h) Wind-tunnel capability must provide for both an adequate range of Reynolds number and the variation
of Reynolds number and Mach number independently.

(i) To base the design of future aircraft on results obtained at low Reynolds number, and failure to im-
prove upon existing tunnel techniques, could easily prevent the full potential of new projects from
being realised.

(j) Consideration should be given to the possibility of testing a control model in various wind-tunnels in
order to validate wind-tunnel techniques and establish reliable wall constraint corrections.

(k) Improved methods are needed for predicting the rate of increase of buffet intensity with lift coefficient.

(1) Before embarking on expensive and crucial flight-testing programmes, adequate and exhaustive wind-tunnel
investigations must be made over the whole incidence range, and the results analysed thoroughly.

(in) Flight tests at high incidence must extend up to or beyond the conditions of departure from controlled
flight, greater emphasis being normally placed on the usable incidence range (up to stall/departure), and
on stall/spin avoidance and prevention, than on post-stall gyrations, spinning and spin recovery.

(n) Improved methods of analysis are needed for the adequate comparison of wind-tunnel and flight test
results.
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of2.. 2eit: rotr DA=r farx-mý 2aerze=rr bec-ls = sf= st
=ýa f= ffe4 a - .doersio- fae-offo =W- tze- &wx!aze tm tes ma--etd(e : o t

of ceitcesriss fet aeea toar &araers~i -- at r:e' reeiedafrci

2z-rc~anern-ca 'e~-sal- =Eesz irc al Zt= 2:r-- Catraic t:

s~Ir ~'~s nt rirear ierossd'-cria P=-ztijes of zez=a -ir-fa Zb iratics- ts ziw
S ift iszt b~e~u ~ ~fva t 2:e =m la:!r 2= cotesir f esrtc alae- - eofois

frar.I3Cr.C IrezŽdsý bes a := e edst == atican des lift-, B= e. (te~g 1CA&ttieit

rot srani~le to2r-m-1"2me tiT= to trc e Plo rzet of -C eCave.s ily e~ fte seat

re - Z'Z = M=tritc o =r jit--n== t-e CZ"= Ofr to

arrr ifet arem * to tCP la tan iZ Cr ±i~a- 2-0-e Of Zetl -C- 2:eld e-, teraaed Zte-fi bees
or~t~ ~ iayastl m el-t a caw~l 2aero- to a~t t ::e 2c-- Aate t!f C..= C;4- 4 i

..t t, Iza f,- t-- ofn *tc- O

Of fICU all2 of teaBee slesotza red~oIs s 2I=ol ffeld of- flc2-CZ YOMaic gsT= tr~os
Z!.e efcts2CC~tC of~yOfd so a--D=Z M1 2=rtzc-. Isaizt elol est r -~ et

fals al e ;=Mr--n to tie ots cle. iz po core t2:.Once sert!is flo fiel!:s zerd, Iou z-^. doe--s -eel1z

=C.: tat f-&el -u as t2ezatbe!-- once =leu aereafdsi tals lae sear mse 0e.1or ecý Cot tey lssizr

anetcall rof' le- abave aeoe es zsmdt=aifie ildo fo ZpniLt o.-

zA. diffieit i iis oef iests of e i-prtassrs :- a~ dinesira.:l c=2arac-eristzc fo tZe2 rrtesase
ofto =ffeti y zsigsal c=bdti e: on be t ie fsu a boes dof t!. toyperO fawl dife~rence, =6 seatdC- of teresi
1:ff =2tse, !a is =tab C are ntcalea is t =Wierte fOn Ct2-tie - aerooi5 tCCed reso isg dne i-eszab

Stallb dfniin n ie a dtdi-al;.=t z- ic-tu rasoearre~ -. matd ozteefc of t,, D e rate of increase of,

Aeedifims tn assese tbere ba estcniderbl zmorZ o two dises-vo=2na haerofois oclatiznisth =abont e-as
of two cidescs is relaion ontce tebxs~e ofd-a beliotde rotoerablaes dAr sboi'n 2 stazZtichseresis a
effcrse is- C 1 sabozie CL t ae rt~ate of ineae lsitecatesce =aboe t-ae satrfic C t't tieos anCLca b

iStall era oCf2=i/SO a cona-satxons =ofurr =6ap ano t.!: a l~srate effect of th aeOfsraeaOf
floie-no onea the derez-ts -t. of n aflcim brandw- =eth ra t cof deaacs ase ofas incade at tit C lownl -ertao. -=
zaborato arez1ef.~ 7zerte lat-best ccnblacat l okoz w meiolae-fis.=.Iat= bu

i:c&-cs2 elto o h ero-.ceo eicpe rtrbad:.A zuu =16. te2r



Me effeet of MEs1 f2=v eer, cm t~a zs.i n-ofaU ntei~ie s mel--ee zar45
effec M 2*= :E Mzre i ~eahl eVetia natbzis hxe et a ofliz~

;=tc~pesua = Ar* at '--tc z elizv flay secr=Mtis. ~ZQ= ~Cre =s ma*&A- w-l
resle f~ ife-z~ s~zoicetbre is de-ee 01 a=ý7 A=a1  st~adfste of f4,

4t2aic pr=eos-.~ifcs effeztz as t flay f aI-IW tchkw rate-sic 22= abs b

1M=M=rtis free c-treasz Sach ===d- Ms~~e sta oiiai e Mrjle 0!, ZsICEt!'mc M
.ic tsalr ~zra ratiasor __Z s =___ e ~ctree M:s ==Bs& EDr. = are at 4-04t A

shbze laieri sctas. Cý e=swariz iz beiz-g s~em :L- rrezen± &7,v~erc to tbe-
of deai~t!B &as~ rize B7 dsbrb ~ora ezlr tae sersfoii jfz' to re7-

zscex ire-e, so- yea2 MR" fs nrtti~ a crcdire Ccrditiss M~ Tý imcidioccs t~re a:- he -

C, a -. i4:t-2ýMý f~zce.scc=:E- ;5IT b5aiC5, 3, -,- d~ez,4 is O..~A t2

* ~ ~ ~ 0 istsi1ofbfffet- = theXt 'T--bihe n~ame of 1; ctiize for =,-ere faserb-it. M
a)-7ectz are to Tra- 0322--- 1~erosrb io t5 tlýEz C3a-4erC=:e r-ae&-ý W othr tlt~io are naned

Attre-ti; IS C -- j to fiie2sz ilyreer.wfrs t is =M~ !,r eon& CM 7--
the zczt,-_ kbwezde of twcs diesicsiarCo!,iI etoa brreit to tBhe- sae .acilrhe

4~sezcr2 rrhls.Sb of sdato ra XCC.-tio, ber, rrtat ctas
24--Cer tyist t;-:- -Zad ' 1 '= C, tdsll Be rece sz.WsetnMC Ziod Ws ththca er~is ns

bohof theze effeets teod0- tc ==-- the cm-et of flcv2g rne-raltros~br---C:!:, zdt c-tc b

date. - !r- care, C. tizaed C-- a lfting lizre ~ e~slceireitci eci
ae-3-B thay ztratir ce I 1 ea the ztratc of the- arset Of Vearlay o t-- di nzoe '- aft~ip

,6re=sicm of f-,cl 1-6-- Pres as ziter-estirg scleo.. Onet Of tlo-,I --aaticn cee Cs co :s
:M--y of I.- -.darz Izayer to --e=ai azttched to toe! WirS 5=r-fce. CoCe t:-,- flh rnsraac h as

i .t= ~szca case, =6e iz as intrz-tcm ý-;epero the azt-zbto' as 254=ed t7 the
!2"ate flay s the effect *f :=at 7rseazze ibtc--C the bozr>c- a fer ihei e i6asc

'-is--mece t2 se-aratiao- chrc-rsis thee fimali rex-alt is- a coCZFex !aasca--Z of thesee zwo effects.-
thre diesscoc, it, is the- latral zn s:uiCs eicz 4-S of n 7isoe-rest.. Az far as thýCe orae1 fi-le

of f~lc iz C=Cnerse if tber~e is zart sna= zeraratico- the' theree exists a reioof secaraze~d flayw adzzaseot
to a reg:Em of attaxhe-d :rc-"- A=6 becasse of the cctsiri itbte±the ta; regicos trailing-i
ncrticity bebmeer the- twa reg~iorms is- created- Mhe orez.-" ffc of tte 4Ac~rz2aah ..- ' aties ird=Ded b7 the

par- -rilngvr`.i~t~ is t- 6ec~ease the ef~fecttize joimce4*n- of thrý sections i4s zbe attarbeed rfocw
egicm (t-;= ;dý cpaigtet-or ftefoct arate im that region) --&!2e at thbe sae time increasing

the- effectire isndec~ce of the- sections is the- Zearated f-Icw regios mts ore firzly e l-" the flayw
sepratiicn there). it 2as be--- * ereiez~e tha C= a classn leg2ts, ýflapaZ=Z t-, St-1 C-" c -Otol d~

at. flaw ze~pa-atic=s the -:---tia-l Fcproge-sion of flowbea-o is rash d cer a zigmificast area of the wing
zurflaze and; that it --U.ýi-1es a. far slower rate of 2rog-re-ss-ion With frerin-crease of incidence.
irzet!aer cr =0ot lifting lz= ezbtois using secticnal data wcith flow zrc-pratios cozlld be extended to assess the-
later-al probression cs sro-- ept wings is =-at irowc; lifting- line- theory ,-orl incorporate the -isflufences or
the seprtdand zasepaxated f low regicns; as descri-bed abasle.

AA= zoCrernt inplication Of t:nt' abatearors is that the nair- region of flow brakebd will be
rtaliilized =nd "ocaicee to the -regicn whbere flow serara--tic-s is initiated.. ey-nolds -~e cav ae a Zos.
izportant. effect bere for it is ;,ossibl-e that the position i~here 'low brekitcn starts is sensitive to

esoie-Ads nnrb~er; re-;:dtz of flowc separation and prog&ression- of now- breakdax-n at ore heysrids ==rber could
th:en be totally3 d~ifferent fran= the results at another Berzolds och-er.

ants- the wing is swcept the sectional characteristics loose their signiflcance in the process of flowe
separation. Usually flou separation legizs in the wcing tip regions firnat because of the thicker bocunary
layerz(uhicb are created by the out board flow in the overall three dimensional boudary layer), and s-con-dly
because of the increased streandise pressunre gradients in the tip regions conpared with the decreasedpres.-re
gr-adients in the cen-tre regions-. Once the flow separation is initiated, the initial progressionm is, urso.-Zr
Afairly rapid sod again this stabilizes for an incidence range, in a -Irilar mnaner as that described aba -..

The su~rf-ace flow~ patters wchen the 2-lo-w has separated depends maisly- on the wing ste-ep; for low Vieeep
(1e= than 450o) the surface streanlizes show a large 'Ireirl' pattern whereas at hig~h angles of sweep
(abate C5 ) the separation pattern shows & 'herring bone' pattern. (Fig.3)-

Of these two patterns the 'herring-bon-e' patterr is the more understandable, since it is associated
with the organised rolled-up leading edge vortex which has been so thoroughily 2nvestigatc- in relation to
tiz flow about slender win~gs. But the large 'swirl' pattern an a win~g with moderate sevee is more difficult
to ixA'etrlret; in this case there appears to be reverse flovd in the tip region induced byT 7orticity shed froz;
1ýe leadiag edge -egios but Vhhat happens in the intermediate region betw'een the separated and attached Mro.
regionsa i: not clear. Y~ore work is required on the flaw characteristics in the:. region of flayd breakdown to
establ sh the dizstribution of vorticity and flow charactersstics abote the wing surface. A further
conp;Oxcation is that vurface flowc patterns c=r be zinleae.ng sinc't there are rapid changes in flow dfirecticzs

awcay fr-.- the surface. Apart fron the clarzic paper by Eiichemann(7) in 19c53 There appearz to be li2ttle
subsequent thoug~ht given to ther-e qualitat~ ye a--~s
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Azz LP- k=s *c ass~zti off deZIF' data for lsa ez 1ds -- =- stt bees acl y S=zzed; tests-
wi-%Veact azelez. --tc zectl.eal iratios etc.. w= be _eresireJ to fors a irscf an tqs!izic:a

tatary ftr_ t2e recis~,I= Zeasti 2 1edswnas

C tolof t-;!, ; cnezzie of ele -taTI am a zzrjý W is cE ftez 1:tin 7 b Z2 !cio= CF-Mctioc off
&eficezznc a= ftzees, Taert eer -nators, retchs, ladis eee droop etc-.. .- n is=it7 ?=-s Same ±sto
t;-e sooszensfol &-e2=. z-sh off zzas of theze 6evictsz Bet the zz~odý=55c cares?-ma of 7off t2hesze devices

4 is-; sCI1 se fcny1 ?ansd r ez~qple, ffe-zces at the. leedarz edee unsall7 fisde a Tartex at hire
iscieaceon t Erinboard .1"mc~ki ore esszentially cm*ts off th~e inoad .ryiee ffTr'thne

S~ne Basic worr = fez.zz, zt 2a-4 PSev=M senses has Bees duebtv s an ~
Xetez and tsawfond or Btt theA, soblacties off femstr2za tB, heit'&t 2== of W-- zo~d the 2eE-g edoe, the
fors of the catcor et-c. are S-till anrezoleit& Tzrtez ~sstrat 2east frccrt*-I o:ffoc rt

zr~ck toosdesy Pzyer ineatosbr_ bee L- fty drc~sed by7 ;.'2rceyIM - e of the oense
6Evi;ces is the aroltion" de ced at Mo~las &ki-rafft Co. for the EPC.9..; thae eatl is essentially an
osdP-rnffacC !ez&diS e~ve I~ - riCh at ;-6;& i cideCse_ createz a esste' oter :be LpMer £ c;this trtez
==t only setosthe Wtný nrme soffs coandazny laer =-- also i~dscez a faisosabla d~=! fie-Od at __y

tioaefor =s overpall noe &=zam-t

C= ocnero__al air-craft &tl cnro Eviesz are roty eesay sccocis rr the & 21- lft rlan
and- :slat B-ts rtsnpSiisS a to be obtain-ed by- the tine 7 er -Corcezs Of triall and a---=

nais~y n figh S. e7=1ds nrbe efffects a--e a's- set inrortzar, zests is- t 2nlsa re: sa
ysslds= !:s e n=Zlezdis. Thi-S stteen is*L -o -;-icb~ rirro-rin thea- BhiS 11ft sse itszelf..

As alr-eady nentioned zzo!t&- clas= of =vnoblan con-cern-s a wirzn -; a sterfor atiainto =nay
S~IM cc-f-Srations.. Mlips-zrea effffetz o-- ffisite aminis ==e Cees- iestiLat-ed tho~ot te sasz fifty yTears

~cib s na~sreoff zneces =d understarding, Bat tbe 2LitEtin ca-se off flow s-e-naratiCo _ 27e:6 e~ tmder
2=2: conditionsZ t-s =t received zs seth: aStnt =n &n zefral nesunest atc een- nd&, ffor esasle c'.
7-_en~k= C12j, :-at the inte-ractits 1between- the rer'ions cotsi4de, :2e 2lrorsad tre 1o=& stae

slietsen flc ew ntoncccss ;:5. eXt~renelyý_ Coss'cated- A la-se rnber Off Cnetra =ozo
arti~cMlar SLML hyre ccrffi ations hare- been- te.Sted 1_ot 2aS ffar as Is ;=CW- =o attecrnt haz s-ees =6e to extrart

and= ryr:taesisz asT Of tbe fodnsa krn -:o-_f_-t-:on.

3-3 I ýL Mff A--Z SUIh ý71

Mawr Jrea W.a C-_ Che-=.- rain tcvetber wita lac-orssc of the 11Ms ea.kocawin ffcrrs a lzree Whee
1&h:cn affects thBe efffectiteness off z:Ze tal.-;: e. Si=C. aircrafft St1 z--,O!TeZ the 2dr-craft zas whl
t:his f-'sW es2oen bC-t tb - ti- -;. s of raanon portance.. Both t!:- dy-=ýc rew eld Wzt!'-
the separated rejiýon _=d tb-e dsc.=xazh :N short =he tilniane reed to be ;otMm.

A !?age ==nbeer of tests haze been =&o oa tailp~ane efflectivenezs itseli for a wide- off i~

or%~rect iszestigaticns of the#- f1iow fields; thens-_--elv bcwr-.e= arre fe-c 2nS far berueen. The demep sttall
rhenCsenZ UaS as inCEn-tive to investigate --one of these 211ew fieleds ina s-eedfic ca~nes, for exmnole on zL-

Jae r=ia~ it %as only !_y7 locking i= ZOMe detal. at the f~l"a field ins5id the -cccsletely soenarazed wake
that. thte tailnian=e ceror zhe BC9, was fi~alied..

At lt.F.C. sa-- nrlnsa-reseri=ennts 2:ave bees zade of t!-- flocw fields behind wircaSs wztti par
searner-aton.A *ynica2. set off resrlts as z2on ;-= Es A. er-inen-tal res-1 ts ar-e ronfor the flow'

field beh:--d a =cept wicig (aspect r.-tic 14.0, a~l of --weep 22ff)at lowc sretes in the- neig!hhorthood off a
dilnee=~e tr srar flowr zezar-atior erdists over the =-ter :Av o.:' the u'ing sri-rface. :F~g..l zshores the

totail head loss;, ther-e aspe.ars t'o be t.-Ao regions of loss of 1:ead, One irs azzociated rcath= the tzin vortex
rehich: still rean its identitY. and a= _;=board regionz arcorni 3z/t. ; losgit-niana veoiyrare~nS how
large decreases --= *trez:xse zelo.itv in these region-s of heat' lo~ss. F-g. 4.2 sborcs the dvw-rrcarZ- field;
large- chan-ges in dow-nrcash appear around the tip vortex and th:&e-rdr-rnash pattern 2nboard of th:e tin about 3ZA

=ggests a otiiyfield J= the rare sense as the tip vortex.Fig 1-.3 showcs th~e sdeW2LS~h field; there a,--ears
to bZe a lack of _;=erya sic-6--ash flowc above and belowc tbe wake, rare sideuWazh as prmesent is the lower
regions off th:e irake, inboard of the tip vortex, than- 4s tbe up~er reegions of the wcake. Fiisally rig)-.4 .
gives a qualitative guide to th:e vorticitz field as derý-aed fr-os the reaz-aenent of the dorwscas2 and sadeicath
velocities; there is a large concentration of vorticitS, as expected, aro-ond the tip vort-x and there is
another con-centratio;n inboard about 3.'V'4 wich' c ties in weith the_ total head r=easuresents; little vorlticaty
akppearzs is the upper wak boticeen these twco regions of con-centratee vorticit,:, it should be noticed that there
is a region of negative vorticity inboard of z/2 in the lower icae region, thit. could potsibly be interpreted
as the izat7e vorticity- shzed fr-o= the trailing edge of the wicig induced b:. the part sp"an vortica-t7.

Ver~y little fundazental. inforration seers to be available on the dorczrash anc. flow fieldrs behind wizigs
wcith slats and flaps extended, wchen the flow has separated. It is not ikncicn wchat 2s the inflluezce off the
slats and flaps on the .ioicnwarah field.

Again the tffect of rl-ipztrean on the doi'nias~h field especiall:y in the ztall codition. is mnother r=a-or
area wehere zore insight ani ix~fors-ation is urgently rc juired. 1)affi2cultiez have arisen. 2n thir respect on at
least one conte=ovary. airc-aft a considerable anount of *-.nc was required to develor a ratasfactory
solution.

3.4. YiscELIJ1E0U3 TV!cs

A nnber of anportant areaz ren-ain whnich are brief3y catalogued.

1) Ground efftctr. are extrency- ---jortart ezyeCiallY ;n. the sc1dif1Cat2o-1Z Of the dOW-crarh, and 1, -e
flow field about the Sailplane; little inforn-at.cir seers to te available on the ground effect i'.&en 'he flcw
h-as separated about the =ain winrg.
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2) AMtk-zh 11evw brak ragmazz= iz a-- !mosrtzat *=spect of stall deT l-aezt. 11e
isVm::- -_; iscnmetz &ayct ci'e-* ctallm rev; t!:Iz azrec-t of 11"= Be~awzomr 6=L-- =t 23pear to be

3)Ennceffectsc C- t:.e 5-wmtremd= of 1W' sesst on finte vIdSS i-S yet anre-2er Area i= W!:ca:

be en--n to the effect-s of 2atero-- --vet7

5)1 41Z is , !ne i rtast to realize t~at, in-teres-ts in- tic flxrid d7sasic ebesor eiremfe 4t13q~
not cease- 2&t-6- t-;heIC 16-- hsBrorkn 6z= arer a r-egicn of Vte vidr.Zsnfc,~zitco to ext-reselBy

.t is acce tB& h ~nds~ tool, becaze &10rf int--t= c diC n of z r' reaiction-, h-as
to Be the tzel. 2t, _;z zzssnre fa-- sv tae. the M72arate te tit of the ldrglp 4mSe & ~:ý
tail:' ý- ec-.. =re een'Wr-loneteec 2=An t-2t thze =e.--: 2-taf characepmr-istics on- a ceraete- mftelo
cn inr Rr reln. Whr rezsults t~e .dz, tcnsel =:,'t e canable of ee,-mm 55ff--icz2nTiyhg

Z* I~z==--_o___ Ze- te~zt zm i'te !=&- SryeIds effects byr t--==-.=
tr!7- a orelia- on hcm ltels-; of t senzinte o --- ' -ziregn --e sre tb. =eZIon s

--;z~d sarhierstoý Tb of:= &---endsr o-t 2Eisý of zio.is
As far- as the- ratters of 11ev ze7raration on- 'he =-in vin-g is .=Zerned C=cP-onisc betpveen ttrsel andI:ah

beesfor- a Mri&ont cegsainit -. s crace=-7 to re 4 .l-i . 3zverer, the : i=esees
se=.-atics- cssrr-ed -. re aro.e -_7 Se= 2= fuzight thlan ' t-;z s-o tae sezsmred V~d-rses Of C.. zan
103;ie be 4in error at hihindnealtacceh the -. q2tatise- bhraboet&stIzre e-

tnt finie feptai2 is -i; -orta:i flow Sewra.ation ztiries. C=-.O= an
ftsea-r ano uios' c-dbetween 2=- =a-2I&,; Ze:ail2s ec, al e-;d to t cor-rect-ly

eroakires. Wiis tinsel =*6dols are ccn-str-sted i4n thee R. V. E ta-e- of harcftdsnanits
az-t-Ant to e-ssie that Z-1- of tbe zsssttdesizgn sefc zis o the- 7-Otetype.S -ae 215 rCcrzae

into thte icind t~mnre se-lel of the, -Cr-leze aica ;.I s per-tisnet to qmery adess-ate- Vz=- ?ý-.

t---tirg ;s inethnfor sthl fnetgtes carer-in of. .z-2--tr -Wih;eedI-

n=te- rozlez: viicea the= anszes is the zcr-rection for u-'1'1 interf-erencre effects. Mmookag effects e
lar-- and "o Cxectio-s, in rtiCzaar to easured rollin=g, Zauing, an- pit cli-~ soesets are ob-serre.
Bock.ase effects canm also nairthe doxnstreas- flowy cn.aracter=istics behind a is wita nI- T-ep earat-o=
leadiins to errors i esrd' ef&eCti-;-eneSZ.

Cr oi'whi:ch recnires :zxre zbo:gnt and debate cvoncerns- the tyre of widtinsell testing liich: sbanii4
be *=rzertaker erer- w~e smfficiezý..l oe-lds6 nnbr-r Ca-- be- attained.4 Static tests On a s--x cosrorent
halance- cam be- =a&- o-rer the- c-x.-lete .ar-r of inmcideroes and zzideslip ansies. Since- stall 2anerare0anole

dysasi--c motiozns it is necessary- to ccossder first wheeth:er ctr-anmic tests are :neceszary- =6d 1f so ihat :-.=a of
tests snomld be- =ertaken. In a sense both of tsecrestio.ns are =nter-related for the coueirof t.!:e
derelopser-t Of an eXpermienCtal rig has to be talanced egainst the urgesc7- of the results. IDysanac osciil-aton
rigs for either long-itudinal or lateral erdnicderivrstirer. are difficult to engin&eer, elz~nznatior ol
Cross coupiing effects is often a long and arduo"us proceess. B-ne= so when cperational- tbese rigs are re-
sinumsoidail with a lin-ited angle of inc 'dence, or sideslip-, a5--&ne rezsul-ts =k. b-aplicable
to the problen-s of -ding rock and lin--t cycle lateral oicillation-s. BL-t in gerla difficalzy arises z= theI
utilization Of oscillatorr- 6arir-atire-s to a stall rasce-urre hi~ich is =*o-!-,=ear and sen-oscillator-y, and
involves large changes in inciden--ce end sideslip- Effects of frecqmencn On *.h-o stiffnesszz would indicate an
order of =Pgaitude- of the dniceffects to be applied, to the- static MreaS*Ared Cerivatlares. Usually, torierer
the unsteady effects nre =ore pronzouced on tLhe danping de-raratires, then t~s.e difficu~ty in application appeara.

Some consiZ~raticm needs tn -be given to whether 'nr xot special rigs zhould tee developed for wind t uznel
stall tests. One suggection for icngCitudurnal nanoeur-res is siownM in Fig.5. With a hycr-aulic ser-m-actuator
a large zcale incidence notioz can be initiated and the instantaneous loads and oent:s seazured. 1.
sicnilar amiasgenent could be set upfor theý side-slip - yaw cozbination. 'Here again the specific proble-n of
sting interference ca-: be sigmificant if the flow ab.sut the rear fluselage-fir.-tail plane is r=odi fied byr the
presence of the rmar sounted sting.

Yeamxrement of the levels of buffet, and buffett:rng, ir wind tunnels and the interpretation of these
results for the arplication to full scale aircraft is a na~jor field of research. Trailing edge pressure
divergence seers to be established as a general technique for the indication of enbet of buffet and
subsequent bufftt intenrit-.

As- an intermediate stage between wind turnel 'tezt-..g and prototy-le flight4 testing conbiderat-o' is
also being given to the possrbilitvs of using free flight nodels. to Check. out the predictet: b2aha-.izr n
potentially: hazardous stall areas fro= earlier wind tUnnel nearureneIntr. &uch technacues are alrtady4 being
us-ed for the invert:Cationz of spnrecol6er:: of nodelz of fig~hter type aircraft dropped fran helicopter.
Y'odels for the ur-pos.,e of rtall invcrtibet!ons With *Ihe-r arsociated guidance, con~trol and telezietr.- ryste~ns
would be- neces~sarily. cenp--Iex and eXp-enZsive; however, it ;.r hoped that th:,s aspect offsets acne o h aad
in flight or. tha full, rcale aircraft. c-e c..sadvantage of the free flight experinesertz rodcl iL, the
relative!.- low Re:.molcz nic?-br -f the nodel in flwnt-t; r~nce Re:mioldr rexber i'ý ro ip-Frtant it it sr rtv
that the flow behav.,our on the =odel represen, full rcale coriit:onrs otherw:se the :rterp-retation o~f the
rerultr could :si: be dagr,,=.
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COMMENTS ON PAPER I

prepared by

Thomas C. MuseI - U.S. Dept. of Defense

It is a sincete pleasure to participate with you in this meeting. The subject of arcmft stall is of prim=. iterest
to everyone involved in aircraft design since it spans almost every aspect of a2c-onauticai research and development -
fluid dynamics, inertias, boundary layers, stability and control, power effects, piloting techniques, Reynolds numbem
practical hardware design, wind-tunnel and flight tests. It is zn overview of a wide range of technical cdalenges that
Prof. Hancock has so ably presented to you in his opening paper. He has covered the many and vaied aspects of the
very complex stilling problem, putting them into the proper overall perspectk'e and expertly identifying the most
important factors, but not going into such detail as to detract from the papers on spedfic sLbjects to be given by
later speakers - an expert and professional job of whetting one's technical appetite.

Prof. Hancock also has properly stressed the importance of good stalling characteristics. Let me take a moment
to reinforce his argument for more and better research and development in this area.

Almost two years ago, when examining the U.S. programs for research and development in the spin area. I
obtained some rather striking statistics. The data were presented several months ago at a Spin/Stall Symposiumi'
sponsored by the U.S. Air Force at Wright Patterson Air Force Base, Ohio. Some of you are familiar with them.
However, they may be new to others, and I think they are so appropriate to the present subject that they warrant
repeating,

TABLE I

U.S. Military Spin Related Aircraft Losses 1966-1970

Inrestment
aircraft losses

Spins Stalls Loss of control Total (S in millions)

Army 18 S 1.4

Navy 31 30 - 61 121.6

Air Force 31 44 62 147 244.0

TOTALS 62 74 62 226 $367.0

Table I gives some statistics on U.S. Military Spin Related Aircraft Losses. An attemt was made to clssify
these accidents as stall, spin or loss-of-control. The Arml accidents have happened at such a low altitude that it is
hard to classify them. Accordingly they are listed together. For the five-year period, 1966 through 1970, there
was a tota! of 226 accidents. The investment costs alone of those airplanes have been estimated to be S367M.
Fatalities have not been included. A rnle-of-thumb is that military fatalities are about one-half of the number of
accidents. That means that out of 226 accidents there would have been over 100 fatalities. It is clear we are
paying a very high price for not having good spin/stall characteristics.

Table I1 shows the total accidents and the spin accidents for the U.S. military. There were slightly over 3000
total accidents for that five year period, 226 of which were classified as spin/stall or about 7 7c of the total. These
data are not precisely accurate because there was a comersion from fiscal ,ear to calendar year without a munthly
breakdown.

When the data were initially compiled, the primary ar.terest related to the n- litary situation. Howeve:, some
data were also collected relating to general aviation. These data are gi-wen in Table Ill and were supplied by the

Federal Aviation Agency.

t Stall/Post Stall/Spin S) mposium. 15 17 December, 197 1. Sponsored by the U... Air For,.e AemonautiLal S~stcrn Division - Fhi

Dynamics Laboratory, Wright Patterson Air Force Base, Ohio

S 26°
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Ther was a total of 2335 ccidents in enmal 2rv;atioa in a foe y= period, 1966 tha_" 1969 ts the
information for 1970 was not zri•a.bl when ths mbmer w,-r- compff,. Of these m aas a towa of or
509J0 death-, and in the spip/stall area alone there ere -455 Waciets with 21mw 600 dezibs. Tn= statistic zow
a ratio of spin/stall accidents to total cidents of about 20%

Analysis of transport accidents reveals that cf the 600 wpcited from .962 hroaga 1969 OV 7 slede Z s
a primary cause. While !he is high confidence of achieving good stall rctestics for transpots. subsat

effort may b-- required to do so.- For instance, data presented at the ipxe•v•csy mentioned Spin Sympaskr
indicated hundreds, and sorntimes thousards, of instrumented st2Es are required bfore acceptablce racteristcs
are obtained and documented. Clearly the losses due to staUlspin accidents, and the ccas of acLk-eain good

Scharacteristics in flight are expensive arn better methods are required. It would be interesting to see Liai the Cos
for a good comprehensive stall research program would be compared to the accadent and aircraft dvelop---ent costs

By far :he major effort in the western world is devoted to the stalln of jet-driven aira-aft. and Prof. Hancock
only briefly mentioned propeller effects. Most people would be happy to be relieved of ever having to consider
the propeller slipstream. In fact, in reading the abstracts, I do not recognize zny papers on that particular sulbecL
Of about 150,000 ai;cratl registered and active in the U-S. about 95% are propeller driven. Of these, some 50.000
are 1-3 place, single engine (100 hp or less). It is highly probable that this type of small general aviation aircraft
will always be propeller driven so we should make sure we are doi.g everything possibl to enhance their performance
and safety.

There is another aspect of the stall situation that should not be overlool.ed. Achievement of good character-
istics should not be limited to the confuration in hand. The current economic facts of life dictate that essentially

every military or civil aircraft procured tody must serve a rather lengthy life. The U.S. military B-527s, F-4"s,
C-130's and A-4's were laid down in the 1950's and they still form the bulk of our inventory. During this ,ong
life, missions, loadings, inertias, even configurations factors that can have powerful effects on stall charact-ristics
undergo significant changes. Initial good stall rharactcristics, therefore,iike po.-erplants and airframes, should have
"stretch" capabilities.
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defined in Fig. 5
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R!ECCSS I&SEGIQUES Er EXPEMSPENFAIES SER LES DE~ODfLLDMT
VEEV A 1JEE D=FURXTION IOC=U DEE SURFACE

S. Ecrael , G. 3. Diep , P. Goagat , B. Prunet-Foch
Laborazoire 4*Afrothermiqse &t Centre iNatio:aI& de Ia Recherche Scientifique

4. ter, route des Cardes, 92-%EUDOY (France)

ILe prebl~me &s d~oollementm Ianin-mire est apparti avec IPtude de IA rugositil barmonique de parol et
plus przcis~meat arec: VIEtude d'cne plaque plane .1 varoi sinrusotdale. Nous pr~sentons ici, dans une premi~re
partie, llftuee em fcaiilenent incauzressible, de ces d~collements.

De teis dEcollements peuvent atre pr~wus ea utilisant diffdrentes =6thodes de caicul. Toutes ces
%mEtbode5 supposent cwo-u le ch~a~p de vitesse- Ces dfcolienents onc d'autre part dt6 mis en Evidence sur des

plaques de difffrent: rapports amplitude sur longuetir doe.Les profits de 'dtesse done la couche limite

qpence. La r~partition des pressions statiques A la paroi est pr~sentge. Ces mesures confirment la prdser-ce
dlun dfollement pr~vu par le calcul et qui a de plus 6t6 visualis6 par funde.

Dans tine deuxii~e partie, 1 'Etude & Etd poursuivie stir tine plaque d~forinabie. La paroi de la plaque
sert de couvrercle A une cavit6- Le rEglage de le pression dons cette cavit6 perinet d'obtenir des d~forms-
ticnus en saillie oti en creux. L'exploration des densit~s spectrales de puissance fournit une mesure de
l'amplificatian spatiale des instabilit~s nattirelles dens la couche linite. La connaissance du champ de vi-
tesse AIni frontiolre de I& couche limite permet de relier le d~veloppement de ces instabilit~s aui paramatre
de Foh~h~atsen caractdristique du gradient de -4tesse extdrietire.

a' ~L'Etude des d~colle~ents se produisant stir tine plaque plane A paroi sinusotdale dons tin fcoulement
incom-pressible Wl nous a anan~s A nous intdresser principalement A l'influence de is perturbation harinoni-
qua buir tine couche linite laninaire ; ii s'agit siors d'un m~canisme de d~clenchement artificiel de Ia trarn-
sition tel que peuvent le provoquer des irr~gularitds de paroi sur des avions A grandes vitesses.

D'zutres formtes de perturbations aurajent pi. atre aussi envisag~es:
- soit tin ph~nomulne acoustique cr66 I lext~rieur de ia couche limite dans i'Ecoulement,
- soit tin ph~no=~Z-ie produit A i'aide d'un dcoulement pulsE,
- soit encore tine vibration harmonique de is paroi /2/, vibration qui serait une fonction sinusot-

dale du temps, d'une part, et de l'abscisse compt~e suivant is direction de l'Ecoulement, d'autre part.

Les travaux ont 6td entrepris aui laboratoire d'Adrothermique dons le but de v~rifier une th~orie,
6mise par R. Hirsch /3/ permettant de voir comment vanea, A l'intdrieur d'une couche limite, tine perturba-

*tior. provoqude par des ondulations harmoniques de faible amplitude de is paroi. Une 2premiare v~rification
exp~niuentaie avait 6tE tent~e sur tine plaque ondul~e dont l'ondulation avait 2.10- m de longueur d'onde
et 0,2.1O- 3 = d'ampiittide. Bien qua lea meaures semblent bien correspondre aux pr~visiona du calcul da

R. Hirsch, des doutes sont apparus quant A is pr~sence Eventtielle de d~coiiements ae produisant A Is paroi
141. /5/. Nous avons alors entrepris l'6ttide de plaques pr~sentant des ondulations plus importantes, afin

stir is m~thode de Karman-Pohlht'usen nous avait perinis de prdvoir l'apparition de d~collementa sun de telles

La d~tection de ces phdnonlnes qui sont de faibles dimensions, a n~cessitE is misa en oeuvre de
techniques expdnimentalea diffdrentec : esures de preasiors - andmnmbtre A fil chaud -. analyses en frdquence.

La preniare partie de cette communication prdsenta les expdriences qui ont penmia de mettre en dvi-
dence is pr~sence de micro-d~collements A la surface de paroia onduldes. L'analyse en fr~quence nous a montrE

* que ceux-ci, meme s'ils Etaient suivis de recolleinants, n'en pertunbaient pas noins is couche linite et, par
consdquent, pouvaient avoir tine influence non n~gligeable sun lea ph~nombnes de transition.

Dana la deuxi~me partie, 1'Etude est 6tendue A is zone de transition sun une plaque d~formable, en
saillie ou en creux, l'analyse des densitds soectrales de puissance des fluctuations de vitesse permet alors

* ~d'Etudier VIamplification des instabilitds naturelles et en panticulier l'influence, sour leur d~veloppemant,
du gradient local de is vitease ext~rieure.

I.1 CONSIDERATIONS ET RAPPELS TIIEORIQUES

I.1-1 Calcul de is distribution des vitesses dans 1'6coulemoint potential le long d'une plaque plane
A panoi sinusotdala

L'int~gration des dquations dynamiques de la couche limite dana le cas d'un dcoulenent larninaire
permanent le long d'un profil ne petit se faire qua si Von connait lea conditions aux limites at, par suite,
l'Evolution de is vitesse U A la fronti;-ne de la couche limite.

Plusieura m~thodes sont applicables pour d~terminer cetta dvolution
- soit un calcul direct A l'aida d'un Ecoulenient potential complexe 161
- soit tin calcul de l'expnession de la vitesse A l'aide de la th~oria des patitas perturbations /7/,
- soit tine Evaluation de cat Ecoulament potential par is in~thode de l'analcgie rh~odlectrique 18/

ou par tine m~thode num~rique. Ces derni,'res m~thc-des pr~senteiit le grand int~rat de tenir compte de !a prE-
sence des parois de la vaine at de is forme gdom~trique du bord d'attaque.

La gdomdtrie des parois des plaques utilis~es eat tella qua leas sonnets des ondulations sont dans
le plan de la partie plane qui suit le bord d'attaque. Nous devons des lons retrouver is vitesse de l'Ecou-
lament libre, IL , dana lea sections situdes aui droit des sonnets des ondulations. L'expression de la dis-
tribution des vitesses qua V'on obLient A partir de l'une ou l'autre des 2 premi~ras m~thodes citdes eat
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ob U et U~. saint respectivement Is vitesse potentielle et la vitesse A l'infini de Il'coulement; a et X
llamplitude et Ia longueur d'onde de l'ondulation.

Dans ce qui suit, cleat cette expression qul sera retenue eo ue distribution des vitesses I la
fronti?-re de la couche limite.

1.1.2 Calcul des dgcollements

a) Hfithodes int~grales /9,10,11/

Parmi lea m~thodes de caleuls approchfis employees pour une telle 6tude, celle de T. Von Karman et:
K. Pohlhausen, permet de prdvoir de mani?,re simple le cas du d~collement.

Nous ne reviendrons pas sur les hypothbses faites pour mener le calcul. Llfiquation de quantitd de
mouvement apras int~gration devientd8I) FK

(1.2) d
7 ~K

A partir de la valeur 6 de 1'6paisseur de quqntit6 de mouvement A une abacisse de ddpart, la rd-
solution de ce syatbme peur s'efiectuer soit directement par construction graphique, soit en adoptant la
simplification de Walz. Nous pouvons aussi reprendre la m6thode de Thwaites /12/ qui determine A partir des
experiences, la fonction universelle F(K) et ram~ne alors, comue celle de Walz, I'dquation (1.2) A une seule
quadrature.

b) N~thode des diff~rences finies

La m6thode qui a Wt appliqude eat connue /13/; connaissant la r~partition des viteases dans la
couche linite en deux tranches, nous avons calculd celle de la tranche suivante, ceci en nous bornant dans
lea dfiriv~es des vitesses, aux termes du deuxd~me ordre, et en reprenant llexpression de Il'coulement po-
tentiel (1.1).

c) Comparaison des deux m~thodes

A: La mdthode de Pohihausen eat fondue sur un d6veloppement du quatri~me degrd de Ilexpresaion du pro-;; fil des vitesses. Les expdriences ont montr6 que le point de d~collement prddit par cette m6thode eat trop

Si l'application de Is m6thode de Pohihausen met en dvidence ls prdsence d'un d~collement, nous
pouvons 8tre s~rs qu'il se produit en r~alit6. Par contre, dana le cas ot cette m6thode ne rdvble pas de
d~collement, nous ne pouvons en conclure pour autant que celui.-ci n'existe peas.

Comme llvin ddjA constat6 dlute auteurs /9/, le critbre de Thwaites rend mieux compte des
phdnom~nes dans le cas de plaques planes A parois prdsentant des d~formationsainusotdlea de trba faible
amplitude devant la longueur d'onde. La mdthode des diffdrences finies fournit d'ailleurs une abscisp'e de
d~collement beaucoup plus proche de celle A laquelle aboutit le critbre de Thwaitea.

1.2 DISPOSITIFS EXPERIMENTAUX

1.2.1 Deacription gdn~rale des conditions d'expdrience

Les expdriences ont dt rdalis~es dana unc soufflerie subsonique A circuit ouvert. Cette souffle-
nie fonctionne en aspiration. La veine de Ia soufflerie eat de section carrde (0,5 m de c8td) ; elle eat
longue de 1,3 in. Avant le convergent, de rapport 9, sont placdla des filtres de Idpoussidrage.

La pr~turbulence de la soufflerie a dtd mesurde ; elle eat de ltordre de 0,35 %.

Dana la veine de Is soufflerie, nous avona placd diff~rentes plaquea, de 1,20 tn de long, 0,5 in de
large et 0,03 in d'dpaisseur. Le bord d'attaque de ces plaques a une forme elliptique d'allongeinent 10. Trois
plaques diffdrentea ont: dt utilisdes

- une plaque plane lisse P1.
- deux plaq~ues onduldes dont l'ondulation sinusotdale prdsentait une longueur dlonde X de 0,1 mn

- l'une P2, d'amplitude a = 0,5.10-3 m soit a/%~ = 1/200,I- l'autre 2P 3, d'amplitude a = 0,25.10-3 m soit a/%~ = 1/400.
Lea ondulations aur ces plaques comaencent A 0,195 mn du bard d'attaque pour dviter lea effets de

Ia aurvitesse, due au profil elliptique, sur 11culmn au-dessus des ondulations.
La pliaque, sinai que le porte sonde, sont solidaires d'un ch~Aais isold des parois de Ia veine

ceci pour supprimer au maximum lea vibrations parasites, vibrations qui'auraient pu avoir une grosse in-
fluence sur le comportement de la couche liinite. Cette derni~re a en effet tendance h amplifier beaucoup
lea basaes fr~quences /11J./

Le r~glage de l'incidence des plaques a dtd fait de maniare A obtenir un gradient longitudinal de
vitease nul. Nous avons constatd par ailleurs que ce r~glage dWangle eat trbs sensible, une variation de 101
W'angle entratnant des indgalitds appr~ciables dana les pressiona atatiquea.

1.2.2 Inst-uments et in~thodes de mesure

Pour meaurer lea viteases noyennes et lea fluctuations de vitesse, nous avona utiliad une chatne
an~momdtrique /15/. Nous avouas en outre cherchd A nettre en dvidence le d~collement par une analyse en fr&..
quence du signal fourni par le fil chaud. Ce signal peut 8tre caractdria4 pour une fonction du temps t

e(t) =e + e'(t)
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oO e et el(t) sont respectivement les tensions moyennes et lea fluctuations.

L'analyse en frdquence se propose de mettre en dvidence la d~composition spectrale de puissance
de la fonction centrde e'(t) attach~e A ce signal /16/, /17/, /18/. Nous avons employ6 le processus direct

transformfie de Fourier en t de la fonction e'(t).[

1. 313oil evtss oen

Nous avons effectu6 sur les diffdrentes plaques une exploration syst~matique de Ia couche linite.
Des profils de vitesse moyenne et de fluctuations de vitesse ont 6t relev~s pour de nombreuses abscisses.

a) Pour la plaque P2 : la figure 1 nontre que, pour une vitesse de 12,5m/s, nous avons un d~colle-
ment prononcd &~s le premier creux. 11 commnence l~garement avant le quart de longueur d'onde, il se termine
peu apras le point le plus bas, clest-A-dire au moment de la recompression. Le point de d~collement eat un
peu plus avanc6 qua celui qui avait dtd pr~vu par le calcul de Pohlhausen, il est plus proche de celui ob-

tenu par le calcul A l'aide de la m~thode des differences finies.I. Dans le dauxiihine creux, les profils sont momns ddform~s ; cela eat d6 au fait que nous nous trou-
vons en fin de zone de transition. En effet, la petite A l'origine des profils est plus forte que calla des
profils laminair.es ; il eat par ailleurs aussi possible de constater ce debut de transition sur le signal
retransmis sur un oscilloscope.

Nous remarquons, en outre que, apras la zone de d~collenent, nous retrouvons des profils de vitesse

Dausl a ~n ies de 5n/s, direnu qumes born~sklAIspreni brenultonduensonm~e ;l'&oulcment

d'un d~collement laminaire A recollamant turbulent ; en effet, le premier profil inmidiatement aprbs le re-
collement n'est pas vraiment turbulent, mais la transition eat trils avanc~e par rapport au cas pr~c~dent.

b) Pour la plague P3: la figure 2 montre lea profils des vitesses mayennes pour une vitesse de
1'6coulement 6gale A 12,5m/a. Nous constatona qu'una tr~s faible perturbation se produit d~s Is premiare
ondulation, 1'culmn rastant n~anmoina pratiquement laminaire.

L'importance de ces perturbations augmante au fur et A meaure que V'on se trouve sur des ondulations
plus 6loign~es du bord d'attaque. NOanmoins, A la fin de la troiai;-me ondulation, le signal vu sur l'oscil-
loscope montre qua la zone de transition cotmmence.

Pour une vitesse de 25m/s, la transition eat nettement avanc~e et conuence dbs le deu~ibme creux.

1.3.2 DMstribution des pressions statiques

Lorsqu'un d~collenent se produit en n:n point d'un profil, la pression atatique en ce point augmente
/19/ et, par cons~luant, il eat possible de nettre en 6vidence une zone de d~collement en relevant Is dis-
tribution des pressions statiques A la paroi.

L~a pression statique p eat directemant reli~e au coefficient de pression Cp par

1/2 p U1.

Sur lea diff~rentes plaques, nous avons plac6 une a~rie de prises de preasion statique.

Nous observons bien, sur lea courbes de la figure 3, donnant l'6volution du coefficient Cp le long
de la plaque P 2, qua celle-ci eat sinusoldale et pr~sente des "creux" aux abacisses correspondant A 1,1 zone
de d~collenent. Sur la plaque P 3 ) nous conatatons aussi que l'6volution du coefficient Cp eat ainusoidale.
Lea "creux" correspondant au d~collement n'apparaiasent pas nettement, connie dana le cas de la plaque P 2.
La 16gbre dispersion des points eat peut-etre due A la faible amplitude de la sinusotda.

1.3.3 Analyse en fr6guence

L'analyse en frdquence du signal fourni par le film chaud a W faite de nanibre syarbmatique dana
la couche limite. Dana lea zones perturbdes, lea spectres prdsentent des pica inportanta dana des plages de
fr~quences bien d~termin~es.

Pour chaque plaque at chaque vitesse, nous avons, en outre, relev6 syst~matiquement 116volution des
pica lorsqu'on faisait varier llordonn~e du film chaud, son abscisse demeurant constante. L'importance de
L.es pica augmente quand on 6loigne le fil de la plaque ;elle atteint son maximum A une distance de O,2.i0-3m
environ ; ella dininue ensuite, mais son influence se fait stntir loin encore dana la couche linite. La fi-
gure 4 montro, pour Ia plaque P ,un exemple de 1'6volution de ce maximum loraque V'on se d~place suivant
l'axe des abscissas, ceci pour Kes deux vitesses envisag~es. L'observation des spectres obtenus montre que
nous avons une plage de fr~quences privildgides. 1l apparatt que la situation de cette plage sur l'&chelle
des fr6quences est fonction de la vitesse de 1'6coulenent libre, qu'elle eat peu fonction de l'amplitude,
at daneure Is mame dana tous lea creux d'une mame plaque se trouvant, bien antendu, dana la zone d'dcoule-
ment laminaira. On trouva vera 350 Hz pour 12 ,5m/s at vera 70011z pour 25n/s.

1.3.4 Mise en dvidence du d~collament par las fun6as

En injectant de la fumde A une abscisse oý la couche linite eat laminalre, nous la voyons partir
tr~s r~gulirament depuis la trou. Par contra, si Ie point d'injaction se trouve Otre au nivaau du milieu
de ls zone de d~collement sur la plaque P,), nous voyona nettement la fum~e sortir du trou, s'6taler en tous
sans, ranonter un peu 1'dcoulement pour efisuite atre entratn~e vera l'aval.

Nous avons essay6 de refaire la mgme expdrience sur la plaque P 3 ;le ph~nonbne de renont~e de la
fumda dana l'6coulement nWest pratiquenent pas visible A Itoeil nu.
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E= r4E&ire a -I.aire, A Pas-al ias-.diat It bard d'zttaq~e, le spectre des fluct~atioms =lest Cons-
titr.E qua de basses frkquac~ez- A partir d'cu =oubrc de Reynolds critique, 11 apparait des instabilitft
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La r=esure La lineargie c~ont se dams ces bouff~es caractfrize le d( velcpezat Las instabi itfs.
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2.12 - Btiz=e des ble ors

lIot rappaelleroes 2 b=iescouts d2)es z~nieu()one tuold rbvoulent ponr (en ddcollne nta lontnair
S, d'a-s=t rpetite = eczt deresonpu m'porte qa en cdfctostt lcls) ndsriuind ies

en t Mc.id e dparfait. L'routi deu i (icw.)ýr a onndait sn d U ca oes n'sto paonut ;lr thuasi aemona-ou en endsir

& n dtrin den priesiereur ap oiatio enu &ai ),n cties woi th ses baoides so r dens con issid rtios-
qentpnientroulea de '. siprat3wrb n radoedtxie vcp~iin ad

de ces 2 6quations, n i l a=.r iprcniun nzn ~ole(afa eo-eeto



Ch s=:p~trotce 2apdsem duo poutb ditnwa deizx znce senre Sa eitrbto R:ese uod

-zoma S 7 asri ue 26,ý:e recomzpression if reste sensiblement constant. Le forie de 1'dvo-

2=imdszvtse s vapriable.iEe g&rl'hurAV=tuelled0encosdrm u M s a ,d

Proccsdui e=~al~n du typint.

-.2.2 - -Etui de -~ pant co urns d te lanina siron nrgm ubln,14ouind

A Ja tIahe d3 (zon troe deshmnnpes e ditiuinme)tse clc2e Lpri e rsin

;et o -f est sans dcortedpant coaite ente 2a etranitin co e quie d avint T.a Diariuto deconditions

222-Entr~e det 2a aateSLspo~ 2ix

a) Da~ut e (Snato der

Al n'osti pdo (2enctore p(An tasto prln ojuenn

th63rioue. J TJ j tr n ii n Z pdt, de corrdln tation

et u I cnttes : 3 corsa. t cODis avec quelque4,qu ~fni s postinutso doER siter
figure S on

o)XtrdonndendeZ

On Wenst mteencoaexposib3.svle h2hurs o e fact losd pr~oin ats xcranitintontpr voisins de lna
co6riuxe.IL -us d~termaloron-nu t4 ,s qu n"on etasitonh raprochen de or1rd atior.

.Hortn [refdr]na porz nmon xculs ine corbopnand noibe deca parolapoinsen vaexp drinentau (i.).d

s- onfrat alosnte V u paint Ls oit de Horooneme nt laiare ert~ ae n qurat lques dointls L'ER exstenc la n
teigue 4valour lfriie rdoit . 1 f s nacr vc etiscibe etantinhr e oe4ole

(.f.e 44oo .oý&lr , c ue dou drbtes [aeref7) paus condsr de auth6 citbrs csie rpocheu de UihL4 .u do.0

Granville ne rnettont pas en 6vidence tine telle valour limits.

2.2.3 - Ddtozuination du point do recolloment -(R) et des caract6ristiques do l~a couche linito on ce point

posonSV . 15R en aupposant pour 1' intt~gration U3 (x) lindaire entre T et R.U.'-
lea 6quationa (3) devionnent

(6) _I- +a 1U

(6r n Onfl7S.1 -) I-

4oi

o~z ez= x~- ~ r



Nous suppo.derons qu'h2 la, transition lea quantit6s n + 2- pour n.1 et no* restont continues;

(Snl4.T sera slors donn6 par (4) et ( Hni-a. 6R dant conmi (b so ), (6) fournit 2 relations pour
d~terniner lea 3 inconnuos ~ (nz~,tRe 2

L' 6liiination de S2. I fournit tine relation -Ua 52 a~osition du point de recollenent
RI sera ensuite obtonue coons Intersection de, Ia courbe ( U) tzi (Li ede la courbo des vitasose
calculdes en fluide parfait. On trouve

U- R eat ensuite calcu-l6 par (6)

Hu -l3 & 452; H4o*R te4.,-1

2.2.4. - Coinparaison avec-la, mdtbode do-la, Lrefs et avoc I'exp6rience.

a) Mdthodo de la [ref 5] Horton utilise 1' dquation de K-aran (correapondant dana l'3nnoxe I
hn'o ~vec. C0 = 0 ) et l'dquation de l'dnergio cindtiquo ( nsiavec. CiJ.o

L'dquation de Kannan appliqu~o entre S et T, en aupposar~t Us Us et le coefficient de frottoment
C;F 0, entraine quo &T=62.s~

Le calcul do &LRk ot do la position do R eat fait h partir de la relation S". (#!!JRI XR
(obtenue par combinaison lindaire des 2 dquations) et de la relation (6) derite pour n-.1 en supposant
H'-i-= HbR . La valour de Xp. thdoriquo eat voisine de - 0,006, dlora que la valour moyonno trouvdo expd.-

ri-montaloment eat de - 0,0082. Cot 6cart provient essontiellement des approximations faites dana lea
4quations ( Gn z ) ot du fait qu' expdriizentalement on n' obtient pas \R . m )aisi tine grandeur
AR-~J UK~ jI Z2 Avec cetto expreaaion on obtiont la relation cherchde entre lip. et .
qui a ecrit:

b) comparaison avec l1'expdrienco

La figure 5a, reprdaente la distribution de vitessos obtenue expdrimontaleiaent sur tin profil
d'ailo, dans des conditions dlessais prdcddant d'asaez peu le ddcrochago, et la, distribution do vitessoI;$rt() et enUocub mtoed rf ocuepslcub OL~SOc tisgtthdorique en l1'absence do bulbo. Celle-ci a 6t6 reportdo on coordonndes rdduites oF n fonetion
do X~ 2 HsK sur la figure 6a, obL sont tracdes dgalement lea courbos(Y 2- - V ddduites des dquations

fieaitqu~.1 a u derohag. Ntrem~todeparcontre prdvoit tin recollement. Le calcul do la, couche
limie Zl~aal u blbea 66 efecu4 hparir o l vaeurde a ansitrouvdo on R. Los rdaultata

On not era, quo lea valeurs do &2. qu' on obtiendrait en ndgligoant la prdaonco du bulbe ot en
suppaOsant quo la transition slopbre en S, sent par contre, trbs infdrieures aux velours oxpdrlimontalos.

2.2.5. - Li sdthodo propoado permat donc d'obtonir 1e point do recollement ot Ia valour do S1 encpit.

Etant donn6 quo lea parturbations quo cotta zone ddcollde Gntraino sur lea vitossos sont trba
faiblos, il eat do peu d'int~r~t do faire lo calcul complot (calcul do 6 ) qu:. pensettrait d'avoir tine
2bmo approximation do la loi do vitesso (Mais q~ui ndcessitorait do faire le couplago fluide parfait-fluide
visqueux, qui eat tr~s compljqu6 en subsoniquo ,~

La ndcossitd d'utiliser tine relation eapirique pour ddtenninor la transition dana 1o bulbo
conatitue tin point faible do Ia m~lthode.

3 - ARPPLIATION A LA PREVISION DU DECROCHAGE

3.1 - DAtenni~nation du noabre do Roynolds au dessous duquel un "bulbo court" no pout plus ouister.

a) - Lorsque 1e noabra do Reynolds vanie, toutes lea autres conditions dtant fixdes par ailleura,
il ?eout arriver quo Ia courbo (ae ) (eq (7)) dovionrve tangonto h la courbe des vitesses en fluido parfait
(Fig.7a). Cetto condition do tangenco fixo alora le noabra do Reynolds limite A L

-en fait ceci so produit rarement avec la courbo 2 ddduit do (7) (mais trbs souvont par contre si
V'on utilise 1l1 quation (8)). On trouvo tin point do racollemont (Fi&.7b) aisi la longueur ,2a do la recom-
pression turbiilcnte et. par conadquent 2R ,aujgnente rapidonont (Fig.8).

Exp~rimentalement on a constatd qu' un bulbe court no peluvait plus exister lorsque la recomapressionl
'devenait trop importanto.r

rJ1-
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Crabtree [ref 8] Irldique mre valour limite do 0,35 pour TI. PR4' (soit UR . 0,805).

b) divers prooessus a.-nenant h la diaparition do ce builb. court peuvent 9tre imaginds

-&cause do l'accrossement important de SIRf u, d6e,'lement turblment tie produit um peu en aval du point
do rocoflasent R, dons imo r6gion oh lea gradients de vitesse aont encore tr~s dlev6s.

- Isa zone d~cojllde dovient trop 4teiius et la distribution do vitoase aur le profil va subfr des modifica-.
tions par rapport bk Is distribution cm fluide parfait, modifications qui vont dovenir de plus en plus im-
portantes au fur ot &~ mosuro quo l'izncidearme augments et quo la zone ddcofl~e a'dtend. La distribution de
pression dans cetto zone conprond toujours tins partie sensi~lement isobaro suivie d' tne recompression, mais
l'intensitd deceflle-ei diminue clest-?A-Aire que UotlUs aupnonte. Le ddbut de la recomprossion dQ ne peut
plus Atre confondu avec 1e point do transition T :en effet N2. a:ugmnto,&2/(SntL)q diminue (puisque TTR

au~pente, cf p1.6) done (Sn+z )ýdoi+ erottre plus rapidenont que o 1' lindique l'dquation(4) eqin
pout Atre r~alis46 que a'il eiiate tine partie turbulento dam a Anrgion isobare (on a alors (Jt)~ 4 4 +pfnV

Lazn dcl~ eat alors babituellement appel~oenbulbe long".

?ou unproild'aile, lorsque 10 ddcrochago a pour origino la r~gion du bord d'attaquo, on
consate ~rientaemen 2 volutions diffdrentos do la portance on fonction do l'incidence suivant Ie

- diinuionproresivedo in portance par rapport h la valour qu' elle aurait a' il n'y avait pas do d6col-

- biss brtal dolaportanco h partir d'une cortaine incidence. (P1.1 :profil "A")

Dana co ene cas, on pourra. consid~rer quo 10 Ca. h us nombre do Reynolds). correspond
h a distiuind viteaso pour laquolloý L. . Ceci si poae quo, h C fixtS, los r~partitions do

vitsseexprimntaes ton fluide parfait sont confendues ; ctest asaoz gion v-6rifi6 pour Ia majorit6
desproiletan quil lya pas do ddcolloment dane a in rgion du B.F.

322- &p2 lication ducritbro do Crabtree ( l o8 05 )
ufs

La figure 9 pr6sente lea C max. obtenus en soufflerie sur us profm (OHERA I'D") on fonction do
IR.'. Llea C~jsa. calculds b. partix A~ crit~re do Crabtree sont en assez bon accord avec 1' experience dans
1s domaine to Itg o4 1' au~nentation do C_,max. oat trba rapido.

Lew nombres do Reynolds plus faibles correspondent au 1 or type d' dvolution do ln portance 6vequ6
au § 3.2.1.. Le C nag,. varie alers trbs pou avoc o n constato qu'il eat atteint loraque in zone ddcol-
16e occupe Olvii-oR 6C% do la cordo du prefil.

Pour des ncxmbres do Reynolds plus 6lev~a us ddcrochago brutal so preduit alera quo la reoepros-
-ion oat inf~rieure h in liiaite trouv~e par Crabtree, et quo i'accroiaaaomnt do A. eat meddr6.

3.2.2. - Calcul du nombre de Reynoldsnb eia 2qarat us d.6collement turbulent dons Is r6 ion du B.A.

Les calculs do couche limiite turbulent(, partir du point do recoellensnt, dennent des valeurs
de A~L h C donn6 prvches des r~sultats exp~rims-wax dana le domains 1 4.ý Cnax. 4. 1,6. Cos calculs
sent trbs 5ensibles h de faibles variations do Si.n par exenplo ; expdrimentglexnsnt cotte aonsibilit6 so
retrouvo bien comae Io montre la cconparaison d' ossais dana dour aeiufleriea diffdrentos. Pour Cz e 1, on
n'a pas mis en dvidenco do ddcollenont turbulent (pourX, > 0,6. Wl) Le ddcrochage deit corrospondre aut
2bne proesaus ddcrit au § 3.1b.

Pour 0 z > 1,25, lea gradients do vitoaso sent suffisamment 61ov~s h 1' aval du bulbe court pour
provoquer us ddcollomont turbulent bien quo la valour do J2.A soit mod~'~o. Au dolh do Cz = 1 ,6 environ lea
calculs no prdvoient plus un ddccllenent turbullent done la r~gion dut B.A. Ceci e.t comoe aux ossai.8 of--
foctuds par la technique du bord d'attaque agrandi, qui poncet d'obtenir, sur la paxtie avant trenqudo du
prefil, r6alisde h grande 6chelle, In configuration d'6coulement du profil complot (ref 9]. Le compertemont
du bend d' attaque eat sansi 6rudid ind~pendamment do celui du bend do fuite.

Coa ossais r~aliads h des nombres do Reynolds .Ac'(calculda sur In corde du prefil 6quivalent)
supdriours h 2,8.jO+6, Wn' rt mis on 6vidence auctun ddcrochage bien quo does pic3 do su~rvitesse ti-es impor-
tants (correspondent h des Oz our profil cenplet supdrioura h 2) aiernt Wt attoints.

La limitation do la pertence eat alora due aux ddcollementa turbulenta pronant naissanco doenIs
rdgion do bond do fuito.

Pour do nombreux profile coo d6collenents turbulents done a inrdg3on du B.F apparaisoent h dos
numbros do Reynolds plus 6ievda quo lea d~cullenents turbulonta do B.A. loos calculs prdc~daiits donnont
alera use valour ti-op forte du Czmax.
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3.3 - D~crocbegos de bo-ddoef'ite -

Ce type de d~crochage est dfl an ddcoflement de l~a couchs linite turbrilente dana l~a rdgion dui 3.?
ohi legadients do vitesso sont en g6ndral trbs mod~r~s nais oiula couche limite est dpeaisao. Cette aodi-
ficetion do l.'dcoulement an B.F va ontrainer meo diminution do lIs circulaticePa.pr rapport hi sa *alour an
1'absence do ddcofleiant. La porte de portance sera plus oua moins rapide suivant quo 3A position du dicol-

lenent sera plus on moins sensible A use variation d'incidence ou de nombre de Reynolds.

nl sera intdressant do calc-uler pour une incidence donn6e, le nwe~re de Reynolds auquel, apparait
ce ddcollement, mais Ie C calcul.6 no sera 6gal au C max. itco nobre do Reynolds que si le coefficient
de ddplacement du ddcoflleont Ai. j1  eat 6fev&

& AAC
Ea fait ce calcul eat assez difficile car dans l~a rdgion dui B.? lea gradients do riteases diffb--

rent sensiblon-ent de ceux calcul~s en fluido parfait hke C& C; il faut done tenir ecompto du couplage flui-
de arfitfludevisqueux. On pourra avoir recours h. des mdt~ode simplifides come ckell do 2a rdfdronne

Le coicul compiet evec zone ddcoflde dans la r6gion du B.? n'a, pu encore Z)tr effectu4 actual-
lement h notre connaissance.

4 - CONCLUSION:

line m~tliode simple a Wt proposde pour calculer Isa position dui point do recollunent, et los
caractdristiques do Isa couche limite en ce point, des zones ddcofldea do tr~s faible dimension ("bulbe
court") provoqudes par le ddcollenont do la couche limite laminaire dana la rdgion du bord d'attaque des
profile d'aile on incidence. Ce calcul a permis do prdciser les proceasua du ddcrocbage en courant plan
et do pr6voir Isa portance maximale, tout. an mons; dons mea certaune same de nombro do Reynolds e.
Trais courbes linites ant 6td mises en 6vidence dans le plan (Oz, A,):

(1) unmite d'existence du nbulbe court" (caractdrisde, par eromple, par use valour maximale de in recom-
pression).

(2) apparition des ddcollements turbulents dons l~a r6gion dui B.A en aval du point do recojioment,

(3) apparition des d~collements tw 9'ulents dons Isa r6gion du B.?.

Pour des nombres de Reynolds compris entre dour valeurs l~inites~.14~et la qui ddpendent du
profil considdrd, ces courbes permettent do pr~voir correctement 2a valour dui C max. Par contre, la
courbe (1) au-dessous deX~4 , et lIa courbe (3) an-dessus deR.2. dennent use 6vahuation du C max. trap
faiblej la connaissanco de ces courbos linites eat cepein]ant importante pour in pr6vision doel'appaxi-

tion dui buffeting._ _

AM=HX I

Discussion des 6dautions utilisdes pour lIa zone visanuset

Considdrons lea dquations intdgrales obtonues en multipliant par W/" Ia premibre 6quatiun do
Navior-Stokes (appliqudo hL l'dcoulemont moyen en turbulent) et en intdgrant suivant Y' do 0 hi S (oli
y = 6 ddfini l~a frontibre do l~a cou&,e linite aur lacuelle a. = F ) en tenant compte do l'dquation do
continuit6.

On obtient

(al) ntz.

avec Z../.A. 'ý LA

ay

Ce tenie conpidinentaire On, difficile h ddtonniner os.. en gdn6ral. ndgligd. Nows allons examiner
son importanto suivant l.'dquation (ai) utilisde.
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- - ~nzo r'smatiwdeir-m

-lqu- de~ car-ti~dth

-fl ~ý 1' flde± en v SL.&-

l'dotmtiau de dt

11) Izportnc des gmients de preessimt n~o===

a) 1& p1anc±e (Al) pr~sente des relerdS & --ression statleuss effeat!& 11'MA em-gnl
t m2ant, dam s 2*zwe ddcoflld i 'rLr d'i~e ==e [reff 11]. Da=a Is *icný de ~rre~zslezý
19 Ce=9j ~ %e~t~qud e~r dfree*10 de &P Ia3 -s ~ý

__r ,L Xc a ni

po urcentaile Air veir. l'extdimear.V
-aIscnafre Oe tomne pet 8tre 2rpor-tant 4gale~ent. On- Peut s'em en ec te2=-etz-

Patrd'um exemple, sainl* calcul6 en risolvnt. lei 6;uato!s d-e Narier,-Stcxes [ref- i2]. On cnrtztae
1p.A en effet que dame Is parttme ohm U-r ct 1' 4aisseur- do cnant.it6 doe=- -. ji cne fzac

non n~gligeable ce qui est contraire B l'dvolutaio pre- mar l'icnatiorm do ,ý ~
-U GF~o ~

XE7s 1'o:Ln ndglie C uid so riduit pratiquenont, d,. l'exonle

b) lunc eur lee 6quationa

-M por gra4 : l'influence de, c, tome s(-Ieisra tris fa Oble, Ea effe- 1e ý=.d

L U ~P-W~reste trbs petit l1orsque y varie doe ((jg eat prazdquenet =51 s.,if a. '7oIS2n--

ge de y 6 ,Valeur pour laquelle on a priciszment -a(P- Q ~ - ) ar cons~quent -le temo-

____ __i a(p-p,&) daY1 oat trba inf~rieur it I ~ ~ Ti -A 4 -) Sw
et al era l6gitime do e Isndglger devant le prernier =embre do l'dquation (al).

-pour Ml faible, par contia, ot partculi~renent pournL ýo (dquation de Kamn-an) tine telle sir-pli-
fication n' eat plus juatifi~e. Maisela. prise oen compte du ter.Me en a P-P.. eat difficile.

2) Importance daa faiuctuationa de viteaae en 6coulenent turbulent

La. planche a2 prdsente des nesures de Z71 faitea dana un "bulbe court" Lref 13]. Dana la.

recompression reprdsente environ 10% de &~ P& Son influence aur lea dquations eat done du
Amen ordre de Grae~ur quo conle do B (P-PAo)

3) infuncpesbe do DAL. + et on paut introduire le tomeoA~ dana rn.
-54Z

Cola revient h c-:naiddrer au lieu dot I ls fonction V. Le~~- s. ~i

On pourra. an gdndral ndgliger AL RE dovant T, surtout en 6coulement turtulent:ý sauf

6ventuellement au voisinago do yo S oi aAL et I'r'devienneht trx-s foibles,.

11 en rdaulte quo le toenn en,, U; pourra avoir une certaine importance pour la fonction,
d 'entrainement A .o qui ddpend essentiellement du comportonent de V, au voisinage do ya 6f
Cela sera voli aurtout en laminaire, dana le cas de tr~s fortes variations du gradient do vitease extdrieur
(au voiainage de St R ou Q dana uno zone ddcol-16o (,)1.2)1.
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TA4) 14a (b Y.5 .7- Ott= f~s"L

Le Cm~ do W= mdo 6a-=m- -- m=5 =r

Lg h difo-tm 11m e -Dme CfCt- em am 2=dozae7t

(pnI ee- do zze* peC'-" C50 t-= dwf=UI3a:

rando em L==_-tc Rsnerer :~ 3.mjtj -"-" LA, M~~ 7W:Z-4a3.c 1C 2 . C& o 5

zede mre ;ressim d'= dfclenwae± 1 r=2_3 dv=-ne las de 7;tos -e
ft~an satnsfaisma:te 2a 3 fc-=e tJ-u. - 1f -)

ScasaT==2z = 2s r~'cakls 3±- foe d'AB==-.±c~ U- f(

2) yct s =s 2~e frto~ta;Vret- Et4  Wv! on-( le re3je sn 3 ,nit 1* 2r-2e;2
a-.~t,--- d~ de viesss Ds c, cs e= iý.Bzesscý angini=ssi -tiiide 6dnm 2esmithdes i-atiples

a) ~ t' ~ nec fEG-) 2w---=dering

-b) - hr4 raec If gfiiz &.Zstat sensiblenet c~stznt, do, 1'o.=e e-e

NOU Pre~ron cette dernib-Ze b~lý.b~se ==u le calczil des quazztitdsDL 2orsq~e ft nfest pas
trop ilevg ; en effet, dans ce cam, l'i~p.-cisica sur I. , en raison de, l'intd.grzatiw sur toiu i'dnoaisseur
de Is. couche limite n'entrainera pas de grosses erreurs. nln' en eet pas de r.A-e poiz le celcul do 3>c.
'pii ddpend niumiaeent du corportment de T, any .6 (on peut .d&ontr-er en effet, en su:ppes=nt queT. C4

Lr r~sltat ui a 6t6 dte=u dir-ctmeent dans 1s, r~f&-
rence (15] en 6crivant 1l'dquation de quantit6 do =owrmoent locale en y 6 )

3) E7ojution de HrcL ~kD (e:ý 6ooulezent inconpressible)

a) Ies figures a4 et a6 prdAsentent 1'6volution de Hm en fonction de b. Yb pris c~e par=ýtre do 1,a
fannie de, profils utilisde, pour divemses valeur-s de it.

b)wCalcldes :D rL

an Irinsia atD a peut oldcrire sous la. fore Da=
aen laAnir t1p. Ar, En (b)

avec EmW =-I f +- IU A L/s

atM es fonctions I-I+-z ErLqui aeront utilisdes par Is suite sont tracdes sur la figure a5 pour &z4-

o n turbul~ent :avect pe ýU (~KU S2) les fonctions D n. s Idcrxvent sous Is formie
Dm.. IKEr.(I); elles no ddpendent plus de St. mais uniquezent du parmantre b Lai~ fcnction.D4 eat tracde

aur la figure a7.
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_ýL~ &U=SZ-1

WI am - W

ab -rtm w2=e=7 mz e atLP f C:.d A

[ va2dz,

IX I~- J~ = j..2iirH) u(ZX

cr cd-;- 2e gZ!-4 -I iH-.2 FIMIUr, ~

b) t Cosls (2) z;2ý h~ro 2-p-e q' m l: e ts - S&-i (): ýs

eoit 2-d&+ .ar dos Cale= 14 dv--S-tnft cit C590 i12J.

_U uI I2J,.~

MMZ*1LI beivj e: I w lea ba

do -itezs-e saiv:±eaz~t

us U us us

ai 1'int6Zrmt I- pertir d'un point de tranaiA.ic= T ill vient.

C)74f. #L -- -r-S eat 1, vale-j de D n pour me abaisse =I~ intex-d&iaL-re entre --or ctt X-
L06volfition de fln eat roins bien comune qu'en laninaire du fait de l'sncertittuie ==r Tý

- on voiz m laui fig=r a.7 quo, au moins jusaue vera b = 0,6, fl-I varie peiu. On premdra donc

- le calcizl de) D ea t tria impr-cia (Annere 3a § 2). D'aprba les analyaea de sondagea de bulbes cow-.a
prdaentdes dans a inrdfdrence 5, ia valeur do l'entralnenant ddduite do, Ilexpreaaion 4 CLUJ..
varie damna i zone de reccopresajon entre 0,09 et 0,12 i

On prendra I3ax~'~~
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pr= i =aipa no3 f~it nrfs== fsmD p=tv ani MBf = rver p =t5i. Tau::% a*

L = Str . •i = •:LOS:OF€•-

RSe I flC eynolcfs I--

ui ~r~ =Ieoiy n ie~o
FI

= ca eay ==dg eoudrylae

L =Freestream

Bf 
P/,

CL= Cbreyds nnbe bsd L=lans

Pr Pbeard =mcer

u. doVelocite inedirectioni iSherespct

rn Coordinate in direction R
I

Subscripts

c = Edge of boundary layer

i=Direction, I principal; 2 transverse; 3 normal

s =Surface

=Freestream

Primes denote differentiation with respect to 1;

*Er..-inccring Specialist, Aerodynamics Research Group. Presently on leav~e. U.S.A. National Academy
of Sciences Exchange Scientist with the Polish Academy of Sciences, I. P. P. T. - Z. M. C. - G.,
U1. Swietokrzyska 21, Warszawa, Poland.

**Engineering Specialist, Propulsion Systems Group. Cy3
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eon f to L- =-- Cere MWntm iB~ r epr =se of p% aMaezesiqr of sth1 Vieer b da-7 q coithe ~s.. ~ce::mli:!
ma1e ciur =M5= eEniae rff w- r=a Em~ =cnre i-fle aLPO grc~r~sru-b lsThe bsica lions.tjp s!cbefe c-S

ewfep2 ta d toE- f aIS2 D -Pr- Pren t-ous earl fos. l9eei-s zsereng ees u-q~ ch camse te r gepr-

=tixe t:prw~re Euzom cbc fbe ~~nre nor dis!i--e h,-=h wasrn thereo in rface 1,n- achieve eoniterab

2;5 tea~ Ea.fie .2 MS maV of=izar E=re z£r recstimeg floca pru=em.. Also and twosc cppooer flowse B,

aCDU serrraedytical Ampro ntchicb re%_-_- :be bartiCtLVj form of the ba~sic relations in3 the formal
m2rxtjtCMl iz-fA- ratio C4 thle Ififfea'eatiiei 'ions, !etWere i is a-voidd ---A the compater is used for
Fr=icm e%-lzhiion, data storagiL =~d qne~mraures in Che finalJ ==aes of the tcalculation, Tie solution is exact
=i that zrUrxirzi1v Ehig orcer of acairzer cim le o"s-ine and the f~ciocl approach offers- a high degree of
tuersiuaily U-,re2&&r with efr-kiev-, e cmicalccptles

'The powmaizn of The czethod is ebgittd in parzciric studies of turbndemt ~iscositv models in separat-
in: tnO-Si _sicia newoas -Ad the effects of crossflow in zhree-dimenzrsional -separating flows. A sample lam-
im~r flow airfoil calculation is included to sbcwu a possible applicalon as an engineering tool if a reliablc tur-
helen1sriscosity =odl could be developed- _A az;_gc is Zaken of this method to investigate the influence of
The Princ;ipa aanir qmiklY and ecOGOiicalk-. In contrast to the urinal turbulent flow studics, wvhich
cxrz.cen1rate on a limited combher of specific calculations, the attitude takzen here is that pbysical ins:ght and
%m~erstanding can be mast readily obLained from illustrations of the influence of parameters such as the Mach
niruher. w-all cooling, soction, turbaleat,0rscositv models and the three-dimensional aspens of the flow. Olur
position here is tiiat of a user rather than a developer of turbulent flow models. ard 4nur study is 3i,.Mt-d at
development of an engineering understanding of influence for the corimon parameters so that boundary layer
flows on:aircraft surfaces can be calculated reliablv. Hleretofore it has not been possible to separate clearly
the influence of parameters used in turbulence modiels from idiosvricrasies of the computational schemes in
which they are incorporated-

2. GOVEIMNG EQUATIONS

Three-dimensional boundary laver flowr equaticos are wcll known so that onlv their final form will be
shown here. With 'he use of the usual lower order Reynolds time-averaging process, the laminar and turbu-
lent equations assume identical functicnal forms, thius permitting the use of a single solution procedure. A
form convenient for computations is given by Chan- who transforms the basic equations to balance the purely
self-similar terms by the nonsimilnr terms which contain all the dcrivatiies along the surface of the stream
and enthalpy functions together u;sl. all !heir transformed normal derivatives, i.e.,

(Cf1  :A) -. - A1* ~ 2 f2 ) f1' - A 13 (11 - f;1 ,f.) -A A14 (R - f .2 ) -'l(A-f) if~ (1a)

(A1 1 f1 - A12 f ) f 2 -A ,(R - ff) A2 P. In .~ A,5 1 (H f'2) 1,

(Al fl (, 1 f- A12f g- ~7(I - pr ) iE f;2 E J~f., )J 1

The boundary conditions are:

3-0 f.I f (0); f.,-O 0g gs 1 1,2(a

- n--Y fl-1.O g -O 1. I (2b)

The coefficients A 3 and the nonsimilar terms 1l r ucioso ufc gont , lc odtos

Thus, for instance, the simp~lest Falkncr-Skar. type flou sare characterized byv A1 1 I. Oý A~ the pres surme
gradient paranmcter, and A,, 0 - 11, for all other iand
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3. MI•EiOD OF SoIArMoN

The basisc metod empioeing generalized operators of functional analysis was developed in Reference 1,
%bere it was anyed and applied to a wide range of two- and three-dimensional problems. A brief outline of
the basic approzeb is given here and a specific example of two-dimensional incompressible flow is in theAppe�dis to show the details of the application of the scheme. Three-dimensional, compressible calculations

proceed in an entirely analogous manner but are too unwieldy for inclusioz her-. In operator torrm Equation 1
nmay be expressed as

t• 'ý F -& = G (3)

wbere

0 = (C C , Cf 1, a column vector (4a)

F = a liagonal matrix with the elements

[C-4 (A 11 fl4 A4f1)2 C-(All f+ A1 2 f2)" PrC1 (All f 1 A1 2 f2 )J (4b)

G = a column vector consisting of all the remaining terms. (4c)

Integrating formally
0= o(0)'- 4ý- j f 0-Fdq 5

0-" ~witho

S= exp f Fd (6)

0

The constant of integration 010) is obtained from the boundary conditions which are brought in through an
integration of Equation 5 over the whole interval [0,cJ. In operator form:

0 =p (O) (7)

where P is a nonlinear operator which itself is a function of 0. In the form of Equation 7 the problem is ready
for an attempt at an iteration scheme of the type:

= P(,>i) i = 0,1.. (8)

Convergence of the iteration was discussed in Reference 1 where it was shown that, in general, simple
iteration schemes diverge for the more interesting boundary layer flows, and means for ensuring convergence
had to be devised. Restriction of the range of the operator P which in most cases could be achieved by means
of simple weighted averaging of successive approximations was adequate for rapid coni crgence to an answer
of arbitrarily high order of accuracy for most engineering problems.

Tihe present approach computes the highest order derivatives normal to the surface in terms of the
integrals of the functions themselves so that the usual finite differencing problems are avoided entirely. Wall
shear stresses and heat traT:sfer are computed with integrals over the whole domain and their values are quite
insensitive to the method of integr..tion or the integration step size. Finite differences appear in the calcu-
lationb of ilf but these are relatively unimportant since by the fundamental boundary layer assumption the
derivatives along the su face are an order of magnitude smaller than those normal to it. In contrast to the
stability requirements of the finite difference techniques, there are ni mathematical limitations on the step

size along the surface so that flow regions with relatively mild variations may be spanned rapidly and eco-
nomically. It should be noted that the present method differs signuicantly from the ttartree-Wormersley
scheme in that the derivatives along the surface are updated at each iteration rather than trailing one step
behind. Thus a much more rapid diffusion of profile distribution information is achieved.

The method is essentially analytical because the haf ic equations are integrated formally so that the
parameters C, Pr and R appear explicitly until the final quadratures are performed. By placing C, Pr and R
in separate subroatines, parametric studies of model5 of laminai and turbulent fluid properties variations are
performed %%ith only a fe%% card changes in the program. The computations are not ni any uay tied to any par-
ticular C, Pr and R relations so that the method iF %%ell stuted to analytical "experimental" research. Com-
prehensive parametric studies in References 3, 4 and 5 are typical of such research efforts.

The validity .and accuracy of the technque %vere established in the cited reference, which showed that
4-decimal-place accuracy could be achiev-.d in most cases %% ith 150 trapezoidal integration steps ac. oss the
boundary layer. Fewer integration step. a, e needed %%th, for instance, Simpson's rule, and the results are
msensit••e to gross overestimates of Iound.cy layer thickness because of the exponeitial form of the inte-
grating factor 0 %0116i drme: the iugcst order derinatmves lo zero in the outer regions of the boundary layer.
A boundary layer thmcknebs o~ere-,imate of a factor of 2 left the results •irhtally unaffected. In nonsimlar
calculation. the transformed no! mal coordinates are scaled by the tranbformed coordinates along the surface
so that in the transformed plarne where the computations are performed boundary layer thickness varies
slowi.x with the actual body ioordinates. Computer core storagL is 108K whcn running the full equations with
turbulent flo%, on an infinite ya%%ed uing. A complete computation at a station on a body requires about 3 sec-
ondb of IBM 360, 65 timv so that calculation Af a boundary layer on a typica. profile requires about 1 minute of
computer time.

Accuracy r,, the pi esent separating flou% calculations was checked by comparison with Reference 6, which
in turn checked with the results of Rogers 7 , who claimed 6-decinal-place accuracy for his results. The
sample comparisons in Table I are for self-similar btundary layers with C - 1.0 a Pr.!'
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TABLE 1. COMPARISON WITH ROGERS FOR f(0) 0, C - 1.0 - Pr97
I Reference 6 Rogers 7

No. of Steps Step Size go -. g -91 g0

250 .036 0.2 .30862 .22601 .30862 .22601

S200 .036 0.2 .30865 .22602

150 .080 0.6 .24756 .12509 .24757 .12510

The present program using Simpson's rule with between 70 and 120 integration steps checked the above

results satisfactorily, and thus its accuracy is considered to be good to at least 3 decimal places.

4. RESULTS

This section summarizes the results of parametric studies of two- and three-dimensional separating
turbulent flows. In the first part, the number of flow field parameters is minimized by considering self-
similar flows and comparing the predicted separation pressure gradients for three fairly representative eddy
viscosity models. Three-dimensional flow effects are studied in the following section employing a turbulent
viscosity model modified to account for the crossflow velocity gradients. Finally, because of the obvious
lack of a reliable turbulent viscosity model, prediction of separation on airfoils is found to be, at the present
time, impractical, and a laminar flow calculation for a NACA 0012 airfoil is displayed to show that such cal-
culations represent routine preliminary design type of applications of the present computing technique.

Two-Dimensional Separating Flows

Self-similar flows are characterized by a few parameters, thus enhancing the display of the character-
istics of various eddy viscosity models investigated parametrically. The turbulent viscosity models consid-
ered here are fairly representative of the current thinking in the field and are selected here without any
intent to advocate or criticize any particular relation but simply because of ready availability in the literature.
In the models of Ng, Patankar and Spalding 8 and Cebeci and Smith9 , use is made of essentially the classical

j Prandtl mixing length model with damping,

4C 0 3 • _ 1• exp (9)

This ii the model, except for some changes in the constants, used in Reference 8, but Reference 9
attempts to account for the effects of pressure gradient by modifying the friction velocity relation

1/2 1 dl\ /2
(7/) 12= (IS +.d-x,) x3) (10)

On the other hand, Alber10 follows the suggestion of Lees and avoids the problem of t - 0 as r- 0 by

choosing [ý ( I./26i) (11)0C XaUl~ 1 - exp x3 ./2 x11

Near separation the basic relation (Equation 9) is not expected to be valid since not only the velocity
gradient but also the damping term tend to disappear, and thus t virtually disappears in an extended region
near the wall. This situation is not acceptable on physical grounds, so that the model of Reference 8 should
not be expected to be applicable and is included here mainly for comparison. The model of Reference 9
attempts to remedy the situation somewhat by not permitting the damping term to vanish at separation. The
model of Lees, as ad ,pted by Alber, is quite different as it assumes a different variation of 4 with the normal
coordinate and i does not vanish as the velocity gradient disappears.

Although the above models were not developed specifically to account for the effects of suction, this
effect was included in the parametric study since it is frequC.tly employed in engineering systems to delay or
prevent separation. The three turbulent viscosity models were selected for the study to indicate the differ-
ences between two models developed specifically for highly retarded or separating flows (References 9 and 10)
and to compare the predicted separation pressure gradient with that computed using a well-known eddy vis-
cosity model (Reference 8).

For all the compressible flow calculations, the frequently employed liowarth-Dorodnitsyn type of trans-
formation (e.g., Mager 1 1 , Spence12) is followed and all the lengths in the describing relations arc trans-

tormed into 17a pdZ3 with p being the local density and x3 the coordinate normal to the surface. The new
0

Mach number data do not include this somewhat speculative assumption, and thus the model, arc compared ?n
their original form.

2, e dlnx for incompressible flow are shown in

Figure 1 for three viscosity models and a range of suction rates. The models of References 8 and 9 agree for
the lower and intermediatL suction rates, but disagree strongly for the lhiih values of fs. For no suction the
model of Alber predicts a 50 percent greater separation pressure gradient than the other two models. In Fig-
ure 2 we show the complete lack of agreement among the models on the separation profile shape factor
If - 6 /0. Again. however, the models of References 8 and 9 agree for no suction but differ strongly from

f-,.



the model of Reference 10. The results tend to indicate that, for no suction at least, the modification of the
damping term by Reference 9 is not worthwhile for the prediction of separation pressure gradient. It may be
of interest to note that an incompressible laminar boundary layer is known to separate at 0 =-0.2, so that the
predicted restults of all the models appear unrealistically low.

Unlike the other two eddy viscosity models, the relation of Reference 10 was developed E. ,fically for
-separating flows, and was thertfcre used in a brief study of Mach number and wall cooling effe. iFigure 3).
It should be noted that the essentially incompressible eddy viscosity model of Reference 10 predicts an oppo-
site influence of wall cooling from that normally observed experimentally. Since the accuracy of the calcula-
tions and the method of solution are clearly established, some of the anomalies observed in the computed data
must be due to the assumptions of the eddy viscosity model and its dependence on the compressibility effects.
The scarcity of basic experimental data on suction retarded compressible flows renders any calculated
results somewhat speculative and points out the need for studies such as this one to expose the characteris-
tics of various turbulent viscosity models in a wide range of engineering situations,

Three-Dimensional Flow Effects

Three-dimensional flow effects were investigated briefly to determine the sensitivity of the predicted
separation pressure gradient results to small amounts of crossflcw. A very simple shape with a decelerating
pressure gradient in the flow direction and outflow normal to it was considered. Such a flow field approxi-
mates that found on a three-dimensional Oswatitsch spike or an axisymmetric compression spike at a slight
angle of attack. The strength of the crossflow is characterized by a parameter a which is a function of the
Mach number and geometry and is defined in terms of the crossflow velocity u 2 , e' one anglea c, and the
most windward veljcity u, e as:

Sa 2 e X 2  (12):•3 uI,e sin 6 c

Two-dimensional viscosity relations when applied to three-dimensional separating flows tend to give
anomalous results of questionable engineering utility. After some experimentation with various forms it was
found that reasonable results could be obtained when the crossflow effects were introduced in the form

fj where fl', f2 are the nondimensional velocity gradients on the longitudinal and transverse

directions, respectively. The resulting expression was used in the turbulent viscosity relation proposed by
Reference 8 and longitudinal pressure gradients required to cause separation were computed for E = 0, 0.5

S(Mach numbers 0 and V/5_), three suctior rates (fl 0, 1.0, 2.0) and crossflow parameters up to 0.5. Some of

the calculated results are summarized in Table 2 and shown in Figure 4.

TABLE 2. SEPARATION PRESSURE GRADIENT 8, E = 0, f = 0

A
0 0.1 0.3 0.5

"-,= 0.2 0.28 0.4 0.51

The extreme sensitivity of the results to small crossflow is readily appreciated when it is pointed out
that a cone in Mach 1.5 flow generates a value of crossflow parameter d of 0.12 at only 1 degree angle of
attack. These data indicate that semiempirically derived separation criteria should be carefully examined to
determine the extent of influence of three-dimensional flow.

Airfoil Calculations

Predictably, the general lack of agreement among the turbulent models appears in turbulent airfoil cal-
culations, and therefore the demonstration of the use of the computing technique is limited to calculations of
laminar flow over a NACA 0012 airfoil at M, - 0.4, gs = 0.9, and chord Reynolds number of 100,000 with
pressure distribution taken from Reference J 3. The variation of the displacement thickness, shear stress,
and the pressure gradient parameter with the chordwise coordinate is shown in Figure 5. Complete compres-
sible three-dimensional relations were actually calculated but the crossflow terms were then annihilat.-d by
setting all the crossflow Ai's equal to /ero. Calcuiations were made at 1/30 chord intervals and the whole

computation including the isentropic expansions uieded for coordinate transformations, requited 0.57 minute
of IBM 360,'65 time. No attempt was made to acceletate calculations which proceeded automatically from the
basic inputs of geometry and flo%% conditions. The point of separation could have been approachied more
closely but this refinement %%as not deemed %korthimlile because of the doubtful validity if nonsimilar boundary
layer equations near separation.

The rate of incroase of the d(isplacement thickness rises rapidly as separation (7., - 0) is approached.
It should be noted that %%ith a fairly flat 8 curme such as exhibited here a 40 percent change in predicted sepa-
ration pressure gradient f0 results in a shift of predicted point of separat;on fiom x 1 , L 0.5 to 0.4. Such

differences are %kell %%ithin the kind of pre(iction ot the turbulent models considered here, so at the present
time preictions of separation do not appear to be fruitful. The need for the development of reliable turbulent
viscosity models is thus quite apparent.

6;7
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5. CONCLUSIONS

Our results indicate that. at least three of the currently employed turbulent viscosity models fail to
agree on the predicted two-dimensional flow separation pressure gradient. More importantly, we have
exhibited the extreme sensitivity of the results to crossflow effects. Current efforts being analyzeu are
aimed at exhibiting the effects of Mach number, pressure distribution and sweep on the separation on typical
transonic wings. On the basis of the computed results, it is concluded that turbulent viscosity models must
be approached with some degree of caution when a wide range of parameters is considered, and that purely
two-dimensional calculaticns are frequently of doubtful value in the analysis of typical aircraft flow problems.
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APPENDIX

Here we consider the details of application of the present method in the case of simple two-dimensional,
incompressible, nonsimilar flow with C E 1.0. This particux.rly simple "example is chosen for clarity since
extensions to more general three-dir~ensional compressible flows follow iimmediately from the discussion in
the paper. The governing equation is:

f"+ ff -Pe f_ 2) H (A-1a

with (L

YZ -0 f = 0 f = (A-Ib)

and ' f .cH=2f'af'-'f

!L -(A-2)

Integrating formally with d
exp(Jd)

f" f f,2 Oý + fHd i (A-3)

Shear stress at the surface, fol" is evaluated in the next integration, which brings in the boundary
conditions

17 37

S1+ f.PO0i f(i -fC)Odi-d, + f_4 fdid
S0 0 W - 0 (A-4)

and ,17
f "dj f = f'd + fo (A-5)

0 0

The computation proceeds as follows:

A. First point on the body

1. Set= 0

2. Start with arbitrary f f' f". Linear, constant and exponential decay are qu~te adequate,

3. Compute the first approximation for f" using Equation A-3

4. Set fl = (f0 +w fl')/(l +w). Usually,w 1 suffices.

5. Compute fI, f using Equation A-5

6. Repeat steps 3-5 until satisfactory convergence is attaided.

A typical example of such an iteration is shown in Figure 6 for the case of a cylindrical stagnation point
compressible flow. The variation of visos.ty with enthalpy is o: h , h being static enthalpy.

B. Second point on the body

1. Computef. Set H=0

2. Compute f," using existing profiles (from the first point)

3. Set fl (fo +wf +)/(l~w)

4. Compute fl, fl

5. Compute H using simple differences

6. Repeat steps 2-5 using profiles computed in the preceding iteration.

From the third point and onwards H may be computed using 3 point difference formulae, but this refine-
ment becomes worthwhile only in cases of significantly rapid longitudinal variation of the flow. Note thatAf
is determined externally to the calculation and reflects the judgment of .he user regarding an adequate
description of the flow and geometry.

ý91
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__ ~ eounidt Gasdyna -k der U'nivermsfi~t Stutt..grt-

Ehe ~bitcapabilities of airfoils are restzicted by t:-e boundea-ry layer
separation en the upper airfoil surface. ierefor i-t r ovious!y desireable to
design airfo-:ils math pressuzre dist-ributi-ons: -Z c- shift the onset of separazion
tto higher angles of attack. in doing this the topside nose region beco-es =ore
and =ore in)_-rtant, not only =_-ih respect to te razi= lift but also for rcst-
stall be-haviur. Fortuxntely the nose regicn, especially ..ith cambered ai-foils,
is to sore e3tent free for £odifications which do not necessary injury the air-i oi' drag cualities at lo= incidences i.e. at hig speeds.

As long as the 3Machutber stays belom, sPy, .2 the design task on the one
and szrives .or lower velocity neaks at the nose insofar as this is conpatible

with the high speed requirements, and on the other hand for reduced velocity
gradients beh:.nd the Deak in the first 4-10% of the chord to produce tur'bulence
w.iLthout a prorounced laminar separation bubble. Tn other words, one Pims for more
favorable initial conditions for the turbulent boundary layer w-hile at the same
time avoiding the critical bursting of the separation bubble.

At higher Machunubers and high angles of attack local supersonic fields will
soon develop -which are usually terminated by a shock. The best boundary layer
control in this case is to avoid the shock by an appropriate design of the airfoil
nose for a given angle of attack and MLachnurber. The resulting form of the airfoil
nose for shockless Row turns out to be auite near to the optimum form produced by
the first desigi task, which takes into account only boundary layer considerations.
Therefore it can be expected that an airfoil designed for high lift at a certain
Machnumber say .5, will have excellent high lift values not only at this but also
at lower Machnia.bers, down to the incompressible case.

The common feature of these airfoils is a slight second peak in the curvatureat 4 - 10% of the chord. The effectivity of this "hump" to increase the C L max will
be shown by experimental results.

1. Introduction

The maximum lift of an airfoil and its stall behaviour are important qualities
of any airfoil. They are strongly influenced by details of the boundary layer deve-
lopment and obviobsly any airfoil through its form and pressure distribution exerts
some sort of boundary layer control.

It is now an interesting question to see what can be gained with respect to
the maximum lift if the form of the airfoil is designed to produce the desired
boundary lI.yer control for a specific value of the Reynolds- and Machnumbers.

Since the underlying concepts are by no means new it is the purpose of this
paper to illustrate the expected improvements by some experimental results.

2. High lift at low Machnumbers

At higher angles of attack all airfoils develop a small "laminar" separation
bubble on the upper side near the leading edge, even at high Reynoldsnumbers. This
separation has a strong and well-known influence on the maximum lift. The most
striking feature of this tiny bubble is the ability to break up and burst into a
big separated region. For thin airfoils this happens early, and due to the relati-
vely low incidences the separated turbulent layer will soon reattach.

With increasing incidences the lift and the bubble grow until the reattachment
line reaches the trailing edge. The maximum lift is moderate and the "thin airfoil"
stall is steady.
With airfoils of medium thickness the length of, the laminar separation bubble will
be reduced with increasing incidences and reaches the break up condition only at
high angles of attack.
A steady transition is now impossible. The bursting of the bubble causes completely
sepwraced flow and a sudden and signifiyant loss of lift. This charaderizes the
leading edge stall. F



Wita trhic&er airfoils t--- scVZaatic of the- t=bMle=,t *==Ea-r leaer ft
of tph. trAiling edg~e yrewails amd t:-R ste-1- w-Il be reaced-1- Bef~e t!e '3'--if s.
=atic= b-*2be at t2he noe tecces critical. Io traiý edge St2ll Ly te ==e Cr
less steady d!ePend1ng en kaw fast the Seayaratim poin-t of t2- tcmtUlant bvmm!=y

bcd[ylae L].
effeo it u se t ite . estn t=o desi;e go aifrfeosa • t litte or no ~-" s-

2=de of seMitalL e tresect 2to the line boundary layer thh reams t o:- 1 y reducedration an to see if it is pocssible to Increase the -xj- lift or to change the
pressure graftents in the nose region and a shift of the se-aration point behinA
Mae t-ransition point.

The chord length necessary to Provoke the transition shortens with increasing
Reynoldsnutber. On t".s ether hand, spea2klng in term-s of airfoil design it is ease_
to change the pressure gradient= ov-r a short rather than an extended chord length.
Therefore the full benefits of this old concept [2] can be expected -rather at higher
Reynoldsnunber, say above 6.106.

In the follo7_.ng t,.o sym-zetrical airfoils, ýhe liACA 0009 and 0012, have been
chosen to demonstrate the value of a nose =odification. a
Figure 1 and 2 show the fora_, the potential velocity at a = 14 and the curvature
of these airfoils and their modifications. The windtunnel tests were restricted to
a •Machnumber of .2 and a Reynoldsnumber of 3 - 10b to avoid any sonic velocities to
within a fair margin.
Figure 3 sho-. the laminar separation bubbles of the 0012 and the F2 71-120 airfoil
at 140 and 16,6 0 respectively, i.e. nearly one degree below CL max.*

Despite the longer laminar flow of the modified airfoils with adverse pressure
gradients, the Reynoldsnumber is not high enough to avoid the separation bubble
completely. It may be argued however that in this case the height of the separation
bubble, and therefore the initial thickness of the turbulent boundary layer, is far
less than with the 0012 airfoil.
Figures 4 and 5 give the lift and drag value of both the NACA airfoils and their,)
modifications, and Figure 6 the CL. maxvalues as function of the ReynGldsnumber.*

The modified airfoils exhibit a gain in 0L of 15 - 20% and increase the associa-
ted angle of attack by 2 or 3 degrees. max
In both cases the stall of the modified airfoils has been changed to a trailing
edge stall. The steep loss of lift beyond the stall could probably be moderated if
the modifications were extended over the rear part of the airfoils. There is, how-
ever, at low incidences a drag penalty of 5 to 15% for the smooth airfoils due to
the earlier transition on the modified versions. If the transition were enforced
by some roughness at nearly 5% - 7% of the chord, the crag penalty would diminish.
The coordinates of the modified airfoils are given in Table I.

It may be mentioned that symmetrical airfoils are in some sense the hardest
example with which to demonstrate the effectivity of a bubble control. For cambered
airfoils there exists a greater degree of freedom do "hide" the modifications into
the nose camber, and to avoid the drag penalty even with smooth airfoils.

3. High lift at medium Machnumbers

The high lift which an airfoil may attain at low Machnumbers will always de-
cline when the Machnumber increases and the velocity peaks near the leading edge
form a local supersonic field which is usually terminated by a more or less pro-
nounced shock. The shock interference in turn hits a boundary layer, which in any
case is already exhausted by the large pressure differences at high incidences.

It is thus not too surprising to find a pronounced depression in the envelope
of the maximum lift curves in the Machnumber range between .3 and .55 [4]. This
Machnumber range :s of relevance especially to the helicopter rotor, which needs a
high lift on the retreating blade to balance the disk loading in forward flight.

6In these teits the tunnel speed accelerated in 30 sec from zero to Re = 3 x 10
Therefore in details the oil streak pattern needs some 'cautious interpretation.

All measurements were done by Dipl.-Phys. D,Althaus in the laminar wind tunnel

of the institute [3].
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In ~ G a rvir ppr .J n amth- has shv= __ at high in:eidczs th-e
pressure at. tlhe arest has a strong re atiJonshiP to thz molnt at whzh t-h e~' __
Uft eventap-13 reoer ih increa-s~n and~cnubrs reach-es a secon.d a n.

Thi lressure nust be suf fi1ciently 3 (or in 0*~ -ord - . sed in th
crest region rst bee higher th" usual) t3 be of an-. valuse for 3taclhnucbews between
.3 and7.55. yligure 7 gives P- ezar-ple of an afoil eindfranxn-vdn~
li ft at M .5. 1Disregar 1 "n& the chord tosition the nose form, the I acomressible
rotential velct an -,he cu~rva-ture distribution res-enb:le the features 2ricfor the aiirfoills in the fir-st part of this aMuer.
Figure 8 -illustrates thee emnansion and compr-ession waves in the sumer=soni~c field of
this airfoi:l for a = 9.80~, at tro MLachnun;bers near .5. 2hie necessar-y compressible
potential velocity distributions were calculated on the basis of the M- fornmila [fl.
in Kigure 9 arC; 10 ezmerirzen~tal results are evaluated*). F-igure 9 show.s for a con-
stant angle of attack of 110 the develom-oent of t10he locall 3achnunber on the upper
nose region of the P.- 69--B-098 airfoill. The extremely high peaks of local Machnumbers
right at the nose indicate clearly the favorable effects of a partly isent-ropic re-
compression. This is again demonstrated in Figure 10, where the overall maci~num lift
is given as a function of the !.ackinumber.
Since this paper concentrates on C L max however one should not lose sight. of the
complete problem, which includes the high speed properties of the airfoil.
The high velocities in the 10% chord region, which yield the typical curvature distri-
bution of Figure 7 are compatible with the low pitching moments desirable for any
rotor blade.
It may be fair to state the drag divergence at high Machnumbers and low incidences
compares well with other airfoiLls, at least for the airfoil presented here.

With respect to helicopter airfoils it would certainly be necessary to apply
the concept of local supersonic flow with isentropic recompression not only to the
high lift case of an airfoil but to its low lift properties as well. This challenging
problem would seem to be solvable, and windtunnel tests are under way to prove the
potential advantages of such airfoils, optimized for two differing conditions.

4. Conclusion

It has been shown by experimental results that the ma:-mum lift of a symmetrical
airfoil at low Machnumbers can be increased by some 15 to 20% if the airfoil nose is
slightly modified and designed to yield lower velocity peaks and less pronounced
lami-nar separation bubbles.
A similar improvement for the maximum lift at medium Machnumbers is possible if the
upper nose region of the airfoil is designed to produce a "peaky" configuration at
a certain Machnumber and high angle of attack. In both cases the airfoil exhibits as
a common feature a high curvature or even a slight second peak in the curvature
distribution between 4 to 10% of the chord.
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C(OMES ON THE PTETODS IEV•LOPED AT ]LR FOR CONDUCTING

TWO-DhMESIOXAL HHEOARCH Off ETC-LIP'? IEICES.

by

0. de Vries

Nationl Aerospace Laboratory 118,

Amsterdam, The Netherlands.

Reesarch on h•gb-lift 6wvices has been carried out at NM1 along the following lines.

An expericental approach consisting of pressure measurements at the mid-span section of a two-
dimensional wing (chord ebout C c., qpan 2 a), with boundary layer control at the tunnel wall-
vwir4 junations by blowing slcts. Presature flow separation can be avoided and the maximum liftL can be determined reliably.
This testing tech' rua is already applied on a routine basis to wing sections with both leading
and trailing edge .gh-lift devises.

with a source distribution on zhe contour. This is applied with a limited nuAber of contour points

on the aarofoils (essenti-aly the co-ordinates of the pressure measuring stations at the model).
The calculati( s were compired with experimental results. The agreement is reasonable.

nSUM!

La zecherche sur volets hypersustentateur's eat exzcutd au NM1 suivant deux voiev

La preniire voie consists A cesurer dos prossion suar la section A demi eonergure d'une aile en
courant plan (la cords envirou de 0.6 m, euvergure 2 a), avec co-tr8le de la couche limite par
soufflage tout pris des jonct-ons entre l'aile et lee parois. On pout ezpicher le ddoollesent
preiatur6 de l'icoulezent at la portance aaximrle eat obtenus avoc assez do certitude
Cette itbhode exp~rizentale on courant plan eat dejA appliquie coase une m6thode do routine Qux
pro.fils auuis do volets hyparsustentateurs A bord de fuite comae A bord d'attaque.

La seconds viie congists & calculer l'coilement potentiel au noyen de la mithode des singulari-
tin. Cetto uithode eat appliquU avec un nombre limits do points sur 1s contour dos profile
(ezssuniellezent lea coordonnies des points do cesure sur la =at lette). Leo r~sultats calculis
sent cosparis avec lea riaultats ezptrimentaux. La correspondance est assez bonne.

IJ



1. INTRODUCTION.

At NLR, the research in connection with the development of high-lift devices, mainly involves two-
dimeusional wind tunnel investigations, using pressure plotting models, because of the relative
eisplicity of test set-up and model construction.
In trying to carry out these investigations as good as possible, two major problems emerged:
- An experimental difficulty, caused by the premature flow separation at the tunnel wall-wing

junctions, which made the determination of the true two-dimensional maximum lift unreliable.
- A theoretical difficulty, in the sense that potential flow calculations were required to guide

the two-dimensional wind tunnel tests.

This resulted in two more or less separate lines of research, viz.:
- The development of a system to control the boundary 'Ayer on the wind tunnel walls at the wing-

wall junctions.
- The development of a computer programme, based on a singularity method (Ref.3), .r the calcula-

tion of the potential flow around a composite aerofoil. The results of the calcula ions have been
compared with experiments. (Ref.4)

2. THE BOUNDARY LAYER CONTROL SYSTEM FOR THE WIND TUNNEL WALLS.

2.1 Description of the problem.
With the advent of still more efficient high-lift devices, one becomes increasingly concerned about

the determination in the wind tunnel of the two-dimensional coefficients and especitLlly the two-
dimensional maximum lift. The difficulties arise from the boundary layer on the tunael wall, mixing
with the boundary layer on the wing at the wing-wall junctions. The main problem iE, to prevent

the premature flow separation at the wing-wall junctions. A secondary problem (and up till now
still unsolved) is to avoid a possible trailing vorticity, if no flow separation at the wing-wall
junction occurs.

Near the stalling angle, premature flow separation occurs at both ends of the oodel, due to the
boundary layer on the tunnel walls. The main effects are:
- The flow loses its two-dimensional character and the model behwves more or less like a three-

dimensional wing. The measured coefficients (e.g. at the mid-span section) deviate from the true
two-dimensional coefficients.

- The true two-dimensional maximum lift cannot be obtained, be~ause of the rapid increase of the
flow separation at the ends of the model by increasing the angle of attack (see Ref.1).

Below the stalling angle, there may be some secondary
effect from trailing vortioity in the tunnel wall

4 ~boundary layer, originating from the wall-wing Junot-
ions. This trailing vorticity aay induce a small 1
downwash, causing a small deviation from the true
two-dimensioral flow.

2.2 Blowing versus suction.
Boundary layer control at the wing-wall junctions -
by blowing or by suction, is used by a number of .
investigators. Wimpress and Swihart (Ref.3) applied -

blowing slots and were probably the first to use - -

boundary layer control at the win 6 -wall junctions
in two-dimensional testing. Foster an4 Lawfor.--
(Ref.6) applied suction, whereas Mavriplis (Ref.7)
used blowing slots again.

W, has chosen wall blowing instead of suction
the tunnel wall boundary layer control, be-

- The auxiliary system for suction had a limi-
ted capacity, whereas the blowing system had
ample capacity (pressure vessel of the super-
sonic blow-downr tunnel).

- Preliminary tests had shown the feasibility of
blowing (see Ref.l).

- Bliwing was considered to be most easily
adaptable to different model configurations

In our opinion, however, both blowing and suct-

ion car. lead *o satisfactory two-dimensional
test results.

2 The test set-up.
The development of the blowing system in the
tunnel walls (Ref.2) was carried out in the low
speed tunnel of NLR (LST 3x2), with a two-di-
mensional model provided vith a double slotted
flap (see Fig.l). The basic (flap up) chord is Fia._ The standard test set-up for two-
0.60 m and the span about 2 m. The model was dizensional pressure measurecents with

clamped between the upper and lower turntables blowing slots at the tunnel walls for
of the test-section. It has two sections with boundary layer control at the wing-wall
pr6ssure measuring holes, viz. at the mid-span junctions.
tection and close to the ipper tunnel eali (0.08=
froz the wall). The surfase pressures at the two sections were ceasured and integrated numerioally

to sectional forcu and rozent coeafficients. S2
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The upper and lower turntables were provided with three blowing slots each (see fig.9). The posi-
tion of the blowing slots could be varied and also the blowing ratio A Ci.e. the ratio of the dyna-
mic head in the blowing nozzle and the free-stream dynamic head).
During incidence variation, the position of the blowing slots relative to the model remained fixed.
Only the flap blowing slot had to bo moved, when the flap setting was changed.

The two-dimensional character of the flow can be inferred from:
- The equality of the integrated force and moment coefficients at the ,wall and mid-span section.

SI - Flow visualization with tufts on the dodel surface; ab-
sence of premature flow separation. L'ADING•OWE

2 -4 Results of the b ;ue xng tests. 
S I L

Figure 3 shows the influence of the :blowing ratio ; on the V SIROUD

lift atM0 - 0 and the maximum lift for the mid-span and the SLOWI SLOT

wall sections. The figure also shows this influence for the
case, that the flap blowing slot is inoperative.

SLOWING CONFIGURATION

LEADING EDGE-. LEADING EDGE. U
SHROLI. SHROUD ~.
"FLAP !IIA

C, '4 - FLAP.
c?0 E max SLOWING SL.OT

I;I

Fig.2 The blowing slot arranger-
meAt in the turntables of

Ch 1.0) the tunnel wall.
The following conclusions can be drawn from
figure 3S
- By increasing the blowing ratio A , the ooeffi-

cients of the wall and'the mid-span section will

0 L differ less and become equal at values of % of
0 2030 0 TO 2 k 40 about 30. At these values of A , the spanwise

P)Vi
2  lift distribution is two-dimensional.

BLOWING RATIO I - -l'--• - The lift at 4- 0 at the mid-spen section is hard-
* ',D-SECTIO: -- ly affected by wall blowing. Therefore, this

o WALL-SECTIO I quantity is not affectead by the boundary layer at
the wall, when wall blowing is, not applied.

- The maximum lift increases with increasing k .st

i Influence of the blowing ratio and the both the wall and the mid-span section. Without
blowing slot configuration on the lift any control of the tunnel wall boundary layer at

for mia-span and the wall section. All the wing-wall junctions, the measured maxi'um '

slots have the same blowing ratio A lift at the mid-spar. section is definitely lower
when operative. than the true thv-dimensional maximum lift.

I - The wall blowing ratio is not critical. Excessive
blowing at the tunnel wall does not lead to an over-estimation of the maximum lift at the mid-
span section

- Neglecting small fluctuations of the coefficients of the wall section, that are almost within
the experixental accuracy, figure 3 shows, that flap blowing is not necessary to obtain satis-
faotors -esu.ts. Blowing at the leading edge and the shroud is sufficient. This simplifies the
experimental set-up for routine measurements, because the blowing slota need not be moved, when
the flap setting is changed.

Figure 4 gives the influence of leading edge an? "hroud blow- LEAOG-EoGE.SHRMBOIOWING

ing at the tunnel walls on the lift curves of tne mid-span
and the wall sections. The increase in maximum lift and the roM[D--ECTION

improvement in the two-dimensional character of the spanwise Co WALL-SECTION

lift distribution is clearly shown. C"
WITHOIJT
BLOWING

Although definite improvements were obtained, the experiment- 3

al criteria of this investigation for the assess ,nt of tho .
two-dimensionl character of the flow, are too rough to dis-
cern the weak effects of the possible trailing vorticity in Wsi m

the tunnel wall boundary layer, originating from the wing- 2 , (%..cDo- -

wall junctions. Therefore, slight deviations in angle of at-
tack (and possibly in lift slope) from the true toc-dimen- - $

sional values can still be expected.

Recently, this testing techniquo with wall blowing ubs ap-
plied on P routine basis to wing sections with trailing and
also leading edge high-lift devices.
In this case, two fixed blowing slots have also given satis-
faotory results. One slot was positioned a& the shroud of

the flap and the ither at A =ali distance in front of the ANGLE OV A•£TACK ,CUO.2EM

leading edge slat. go blowing slot was needed at the lead-
ing edge of the main wing in this case.

Fig. Influence of leading edge and

shroud blowing on the lift
curves of mid-span and wall
sectI on.



3. POTEMTIAL FLOW CAICULLTIONS AROUND A COMPOSITE AEROFOIL.

3.1 General remarks.
With a singularity method (Ref.3) it is possible to obtain the potential flow pressure distribution
around a two-dimensional wing with high-lift devices. A number of investigators have already shown
the feasibility of calculating the potential flow around composite aerofoils, e.g. Gioaing (Ref.9),
Foster (Refg. 6 and 7) and Xavriplis (Ref.8).

The development of high-lift devices can be aided by potential flow oalculatioLs in the following
S ways"

- Interpretation of wind tunnel teot results. Discrepancies betwe,- calculation and experiment
may.be uqed to discover local separations and other specific visoou' effects. E.g. the inter-
action betweeh main wing and flap can be analysed somewhat further, neo the investigation of

II Foster (Ref.7).
- Modification of a configuration already tested in the wind tunnel. It seems feasible to decide,

whether the proposed modification of the shape has the expected effect.
- It is possible to estimate the load on a two-dimensional model in an early stage, especially on

the small elements like the vane of a double slotted flap cr the slat.
Selection by calculation of the most promising configuration out of a number of proposed high-
lift systems. This makes the input of empirical data necessary in judging the calculated pressure
distributions (suction peaks, pressure gradients etc., of. Mavriplis, Ref.8).

Developing high-lift devices by mere calculation would require a combined boundary layer and
potential flow calculation, with reliable predictions of transivion and separation points. Noreover,

'it would be necessary to calculate the mixing of the wake of a leading aerofoil with the boundary
layer ofa trailing one. An adequate method does not exist at NIR at the mosint.

).2 Short description of the calculations.
The singularity method used, consists of a source distribution on the contour and a vortex distri-
.bution on the mean line. For further details see the references 3 and 4.

The method was applied to three different configurations (for which experimental data were avaiv

A lable), viz. to a single slotted flap, a double slotted flap and a double slotted flap combined

with a leading edge slat.
In order to find out if, for routine purposes, the sometimes trouble-some interpolation of contour
data can be avoided, the co-ordinates of the pressure measuring holes in the corresponding models
are taken as the contour points in the calculations. These co-ordinates were roadily available.
As a consequence of this choic), only a limited number of contour points Xs used in the calcula-
tions, compared with the number required for the exact solution. However, the presLure distribution
obtained in this way, has the same characteristics as the potential flow pressure distribution,
which is' sufficient, taking into account the limited applicability of the results.

3j., Comparison with experiment.
SFigure 5 compares the calculated pressure distribution with the experimental one around a Gingle

slotted flap. Notwithstanding the limited number of contour points, the agreement is reasonable
and the general character of the pressure distribution is not changed by increasing the number

4 of contour points on the main wing from 44 to 66.
The discrepancies on. the shroud lower surface and the flap upper surface are due to a leparation
bubble on the shroud lower surface, which modifies the flow through the flap slot and induces
a local suction peak on the flap upper surface. This could be concluded from some additional
calculations on a modified shroud shape, imitating the "free streamline" of the separation bubble
and is an example of the use of potential flow 1o.
calculations in i'nterpreting wind tunnel test - -

results.
The calculated and experimental pressure distri-
bution around a double'slotted flap is uhown in
figure 6 and the pressure distribution around a
double slotted flap combined with a leading edge __Zc•.•l
slat is shown in figure 7. co ' IXPEMN

Relatively small elements, such as the vane and .5
the slat, are magnified in the chordwise direct-
ion, to obtain greater clarity. .4
In these two cases, ihb overall agreement is
also gooa. Some small irregularities in the cal-
culated pressure distribution are due to an -2
irregular distribution of the contour points, .1
however, they do not affect the general character
of the pressure distribution. Tte difference 0
between calculation and experiment in the J
pressure distribution on the slat lower surfacec,
due 43 flow separation, is revealed in figure 7.

?jg±5 Ct.parison between the calculated and
experimental pressure distribution
around a single slotted flap.
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- 31

?ig.6 Comparison between the calcuIated and Pjg.7 Comparison between the calculated and
experimental pressure distribution experimental pressure distribution
around a double slotted flap. around a d hble slotted flap combined

with a leading edge slat.

The calculated and experimental lift curves for three configurations are given in figure 8.
The corresponding pitching moment ourvei (referenced to the 4 -chord poinu of the basic chord)
are given in figure 9. Considering that no boundary layer effects are taken into account, the
discrepancy between calculation and experiment is smaller than would be expected. This is caused
by the small number of contour points used in the calculations.
If a better approximation to the potential flow lift is required, it is necessary to increase
the number of contour points.

31- - - -T - --•
L_ I _d_ I - - -LCL~AE

T. 0 0 .10 0 .10 

70 A 0 -. 4 - 0 6 -A

2 -25 the double slotted fla 
flap ih

with •f- 400 and the double slotted double slotted flap with Sf - 400 and

flap with Sf - 420 combined with a the double slotted flap with Sf . 420

diat, deflected 250. combined with a slat, deflected 250.

The calculated and experimental tangential force and normal force of the double slotted flap

are ctompared in figure 10. The deflection of the vane varies w!lth the flap deflection. At vane

deflection zero, the vans is retracted onto the flap, forming a single slotted flap.

The coefficients are referred tc the basic wing chord instead of the flap chord.

The agreeent between theory and experiment is reasonable, although the discrepancy for the

tangential force is large, indicating strong viscous effects.
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CtfWV -- O--CALULATO
Ct2 -CEXIMENT

0 
C

0 ANGLE OF ATTACKa (DEGREES) 30 4-2I30 0

E"g.10 The calculated and experimental load FiR.11 The calculated and experimental load,
on the double slotted flap at an angle on a slat deflected 250 The trailing

of attack 06- 60. edge flap is deflected f S 30
Notes The coefficients o n and c t are referred to the

basic wing chord instead of the flap chord.

A similar comparison is made in figure 11 for the slat. Due to the large flow separation on theI slat lower surface, there is a large discrepancy between the calculated and experimental tangent-
ial force.* The normal force shows a good agreement.
The conclusion can be drawn, that the potential flow calculations give a reasonable estimate of
the loads on small elements, such as slats or fleps.

4. CONCLUDING RE)URKS.

In order to obtain a good approximation of tho true two-dimensional flow in wind tunnel test.,
it is sufficient to apply tunnel wall boundary layer cocntrol at the tunnel wall-wing junctions
by a relatively simple system of compressed air blowing slots. Acceptable results are obtained
by using two blowing slots, viz. at the leading edge of the main wing and at the shroud. After
this investigation, the experience r-.uiulated in large series of measurements on two-dimensional
models equiped with trailing and leading edge high-lift devices has shown that the blowing system
could be easily adapted to the various model configurations.

Potential flow pressure distributions can be used to aid the interpretation of wind tunnel test
results, to modify a configuration already tested in the wind tunnel and to estimate tho loads
on the elements of a composite aerofoil, e.g. for model construction purposes.

The singularity method developed at NLR, offers the possibility to use the calculations on a
routine basis. Even with a limited number of contour points, the calculated pressure distribution
gives a fair approximation of the potential flow distribution.
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CORRECTION DE BLOCAGE DANS LES ESSAIS

EN SOUFFLERIE

EFFETS DES DECOLLEMEFTS

par

Jean-Ch. Vayssaire

Avions Marcel Dassault - Br~guet - Aviation

92 -Saint-Cloud

FRANCE

RESUME

Les corrections de blocage, puis lea corrections fonctions du coefficient
de portance Cz doivent atre appliquOes aux rdsultars d'essais obtenus A partir de resures effectudes
sur les maquettes d'avions placdes en soufflerie. Elles corrigent en grandeur et direction la vitesse
"infini amont" et restituent ainsi aux coefficients adrodynamiques Influences par les parois des valeurs
sensiblement dgale& A celles que l'on obtiendrait en plagant le modble dans un 6coulement fluide illimitd.

On analyse les termes correctifs de blocage qui modifient la pression
cin4tique de r~f~rence. Pour les maquettes non motorisdes, ils sont au nombre de trois. Ils correspondent
au volume de la maquette, A - n sillage et A ses d~collements. Chacun d'eux se pr~sente sous une forme
utilisable en regime incompressible, 2 dim, 3 dim, maquette complbte, demi-maquette et en subsonique.

Les ddcollements sur l'aile apparaissent g~ndralement aux grandes incidencs
Les corrections approprides rdsultent des travaux de Maskell d6veloppds dans le cas d'un 6coulement
incompressible dans une veine de soufflerie A parois guiddes. Elles doivent etre 'itills~es dbs que la
polaire expdrimentale n'est plus confondue avec la polaire parabolique thdorique. A ico-Cz, elles sont
fonctions de la difidrence des coefficients de trainde des deux polaires. Elles d6pendent donc de l'allon-
gement et de l'incidence des modbles. Elles permettent de regrouper les caract6ristiques a6rodynamiques
de maquettes semblables de tailles diffdrentes essaydes dans plusieurs souffleries, en partzculier dans
le domaine du Cz maximum.

On 6tend ces corrections d'une part A des veines d'exp~riences comportant
divers types de parois et d'autre part au subsonique.

Enfin on compare des r~suitats de souffleries ainsi corrigds avec des
rdsultats d'essais en vol.

SUMMARY

Blcckage corrections, then corrections dependent on the lift coefficient
C must be applied to wind tunnel test measurements made on aircraft models. They correct the velocity
"io infinity upstream", thus restoring to the wall affected aerodynamic coefficients, values which are
fairly equivalent to those obtainable by placing tha model in an unlimited fluid stream.

The corrective blockage terms which modify the reference kinetic pressure
are analyzed. There are three of them in the case of non-powered models. They correspond to the model
volume, wake and separations. Each of them assumes a form which is usable in incompressible, compressi-
ble, two-dimension and three-dimension flows, on whole or half-models.

Separation corrections result from the extension of Maskell's work. They
appear at incidences for which the experimental polar does n't coircido any longer with the theoretical
parabolic polar. When the lift coefficients are identical, these corrections are functions of the diffe-
rence between the disg coefficients of the two polars. Therefore, they depend on the model aspect ratio
and incidenre. They make it possible to derive the aerodynamic characteristics of similar uodels of
different sizes tested in several wind tunnels, particularly within the CL max range.

W() Direction G6ndrale Technique - Dipartement Adrodynamlque.

lii k l I . . i i - ii iP i
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NOTATIONS

Am -Aire d'un prof il dans le plan zx
B -Epaisseur du sillage (au maitre-couple du bulbe)
C -Section de la veine de la soufflerie (voir tableau 1)
Cp -Coefficient de preasion
Cx -Coefficient de trainee
Cxd - Coefficient de trainee de decollements
Cz - Coefficient de portance
Cz max - Valeur maximum du coefficient de portance
H - Hauteur de la veine d'essais (voir tableau 1)
M - Nombre de Mach
S - Surface de reference du modble
V - Vitesse du vent dans is direction des x
Vm - Volume de Ia maquette
c - Corde de reference d'un profil
k - Paramatre de preasion
P - Pressicn statique
q - Pression cinetique
u - Composante dans la direction des x de la vitesse de perturbation
x,y,z - Coordonn~es cartesiennes
c( - Incidence

'apport des vitesses u/V *facteur de blocage
-Allongement

-Allongement equivalent d'une aile
L9 Paramatre de blocage de decollements.

Indices

rb - Relatif au culot
Sc - Corrige

M - Compressible
0 - Infini amont
u - Non corrige
I - Blocage de volume
2 - Blocage de sillage
3 - Blocage de d~collements.

I INTRODUCTION

1.1 - Generalitds

Dans l'Etude en soufflerie du comportement d'une maquette, Ia presence des parois
qui limitent l'ecoulement apporte une difference fondamentale avec itecoulement en fluide illimitd.

Les corrections de blocage, puis le3 corrections fonctions du coefficient de por-
tance Cz rendent homogbnes lea rtsi,ltats obtenus sur des maquettes d~un mtme avion test~es dana diver-
sea souffleries. En particulier, aux fortes incidences, lorsque p -nnent naissance des d~collements,
lea corrections approprides de blocage permettent le regroupement des reaultats autour d'un mgme Cz
maximum. Ces corrections de d~collements viennent alors s'ajcuter aux corrections de blocage de volume
et de blocage de sillage d~jA appliqudes aux incidences pour lesquelles l'ecoulement eat potentiel.

On remarquera que l'ensemble de ces corrections ne doit btre utilisd que loraque
lea r~sultats bruts ont dejA Wt corriges de l'effet des gradients dventuels proprea aux veines
d'experiencea, de celui de l'ascendance du courant dPair, de l'interaction des supports, etc...

Maia, apr~s avoir rendu homogbnes lea r~sultata des divers tunnels adrodynamiques,
le problbme final demeure la comparaison :soufflerie - vol.

1.2 - Corrections de blocage

On suppoae Ia maquette non motoris~e placee au centre de La veine d'essaia. Si
V'on designe par qc Aa presalon cinetique corrigee ec par qu Ia preasion cindtique de reference qui
correspond .1 la vitesae "infini amont" iraie Vo, il vient, au niveau du modble, en regime incompres-
sible

1/0)

avecI ~~ 89 )



Les d~fiaitions de (6-f blocage de volume, de e2 blocage de sillage et
de 63 ,blocage de d~collements, Bout uionndes par le tableau 1. On a encore

(de)- /8z 0

Alors que ls gradient dO au blocage de sillage exists quel que soit ls type de
parois, le gradient dO au blocage de volume n'apparait que pour lea parois permdables sous l'influen-
ce de is viscosit6 de l'air qui les traverse.

Dans is pr~sente 6tude, on ne s'int6resse qu au blocage de d~collements, 63, qui
de par la nature des hypoch~aes de calcul, na comports pas de gradients. Sa contribution est essen-
tielle danis ls pourcentage des corrections appliqu~es aux r~sultats obtenus aux incidences 6lev~es et
plus sp~cialement en ce qui concerne les Cz et le domaine du Cz maximum.

2 -SCHEMA DES ECOULEMENTS DECOLLES

Alors que V'on sait calculer 46 et 462 A partir de mod~les mathdmatiques, tels
que doublets ou sources, et de leurs images, on remarque qu'il n'existe pas de modbles repriasetatifs
des d~collements. On doit admettre actuellement le principe de la solution semi-empirique des probl?_-
mes techniques, fondde sur la notion d'eau morte (1).

2.1 - Plaques planes

Le coefficient 65 3 eat dtabli en analysant physiqusment des dcoulements d~coll~s
derribre des plaques planes exposdes normalement au vent (2).

L'6coulement autour et en aval de plaques rectangulaires, de divers allongements,
se ram~ne toujours A celul reprdsent6 stir la fig. 1, observ6 derri~re un disque circulaire. Il a une
forte tendance A prendre une sym~trie axiale. Sa principale caractdristique est Is formation d'un
bulbe ferm6, dit "eau mortett , ob Is ligne Y/ = 0 eat considdr~e coxans sa limite. A partir du bord
extdrieur du disque se d~tache une ligne de courant, fronti~re, A l'extdrieur de laquelle il n'y a
pas de pertes de charge totals.

Jusqu'A la moiti6 ds Is longusur du bulbs, dont is sertion droite eat maximum en
cette abscisse, cette fronti~re demeurs isobare et sa pression statique est dgale A is pression de
culot Pb , mesurde sur la face arri~re du disque. Au-delA de cette abscisae, i ase produit uns recoin-
pression. Un tel aspect d16coulement sym~trique ase retrouve derriilre une plaque, en allongemsixt
infirti (3,4).

Coine pb , la longusur du bulbs vanie avec l'allongsment (tableau 2). Mais cette
dimesnsion n'intervient pas dans Is suifle des calculs.

2.2 - Ailes ddcolless

on observe encore ce type d'dcoulement, avec tendance A Is sym~trie axiale, derri~re

une ails places A forte incidence.

Comme is inentlonne Hancock (5), les exempics publids sont peu nombreux. Cependant,
on confirms de tels Ecoulementa A partir d'dtudes sndmom~triques effectu~es en aval d'ailes droites
avec ou cans volets braquda (6), ou d'ailea en fl~che ou delta (7). On peut les sLh~matiser ainsi

qu'il est montr6 sur Is figure 2.

Actusliement, ls tunnel hydrodynamique de is Direction Adrodynamique de I'O.N.E.R.A
apporte une importants contribution dana is domains des visualisationa.

Lea fig. 3a, 3b, 3c, photographies prises dana cc laboratoirs, mettent en Evidence
des Ecoulenxents avec bulbs d'eau norte aussi bien localersent drrnibre des volets (8) que globalement
en arri~re de profile (1, 8).

2.3 - Remargues

Lea tourbillona d'apex, bien organisds, de la figure 4, qui apparalssent aur une
ails delta, par exemple, A faible incidence, sont entiirement diffdrents des d~collements avec bulbs
d'eau monte (9).

Maisjlorsque l'incidence cro11, is tourbillon Eclate d'abond en aval du bord de
fuits, puis rersonte vera is bord d'sttaque et sun la fipune 5, on retrouve un d~collement qui ase
rapproche de ceux obasnv~s sur les figures 2 et 3 (9).
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3 -TH30RIE DE HASKELL (l0-1l)

En l'absence d'Itudes thforiques aur la connaissance du micanisme interne des
dicollesments, Haskell a'attache A& valuer leur forms globale et a essayer de reproduire leurs effets
extirieura au voisinage du modble. Pour cela £1 reprend le sch~ma d'Ecoulement relatif au disque
circulaire de Ia figure 1. 1! d~finit tine surface frontitre entre le aillage et 1'Ecoulement externe
non perturb6. Elle a64tend de la plaque plane jusqu'au plan 2 o4 la section droite du bulbe eat maxi-
mum. Sur cette surface, Is pression Pb est constante et dgale A Ia pression de culot de Is plaque.
La vitesse correzpondante eat k.Vo ott Vo disigne Ia vitesse dana le plan 1 (figure 6) ; Haskell
conaidbre alors un tel sch~ma d'Acoulesment incompressible placd dans tine aoufflerie comportant des
parois guidges. Le but recherchd consiste A obtenir une estimation quantitative de la contrainte de
paroi sur le coefficient k - Autrement dit, connaissant le coefficient k en souffierie, il conv~ent
de diterminer le coefficient kc en Ecoulemment libra.

L'hypothbse easentielle consiste A svpposer que la contrainte se traduit unique-
ment par un accrolssement de vitesse par rapport A 1'Ecoulement illimitd. On pose ainsi que Ia distri-
bution de pression p our le corps nWeat pas influencde par Is paroi Wx.

Donc, ls rapport

doit 6tre inddpendant de is contrainte. Hais

Un ceffcien depression de culot

CA= P6 A'*

dtant alora d~fini, Is prdcddence hypothbse revient A dcrire

A..,2 /1 _T _ _ CP on,~bt

Cette derni~re relation a dtd vdrifide expdrimentalement et trouvie dgale A 0,837.
Elle juatifie donc l'hypothbse de d~part tout en montrant qus t963 /lax- 0. Ainsi

'k2  v2x - fCp4 CAK I2  - CP~c

Puis on Etablit la conservation des quantitds de mouvement davis l'Ecoulement non
perturbE A travera is surface de contible ddfinie sur la figure 6. Elle eat formde des parois guiddes
de is soufflerie, de ia surface du corp,ý et de la surface isobare limitant le aillage effectif ainsi
que des plans 1 et 2 normaux au vecteur vitease V0. On considbre, dans ls plan 1, Ia section de passa-
ge C ob Is vitesse eat V0 et dana le plan 2, la section C - B ot) is vitesse eat V2. Par continuitE,
avec m B/S

V, V

Ndgligeant les termes du second ordre, on arrive A

CX,

relation qui se vdrnue encore ;,xp~rimentalement.

Si le disque de surface S eat placd en atmosphbre illimitde, ou, ce qui revient

au mgme, si l'on fait tendre vera z~ro le rapport S/C, ia relation prdcddente devient

Wx La r~partition des preasiona sur tin cylindre circulaire eat influencde par is prdsence de parois.
Un tel corps, par exempie, W'est donc pas redevable de cette thfiorie. On utilizera piutot lea
formules de corrections dc. l'effet du blocage donndes par Glauert dana l'A.R.C. Rand M 1566 -

1933 - pp 56 - 59.
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Alors, si V'on pose m =mc, avec C'X/IC2 =. sin
on aCx 2

-x A- 2

L'exp~rience invalide cette relation. On dolt faire intervenir la distorsion
du sillage, c'est-h-dire, dcrire :m mc. Sous Ileffet des parois, le aillage a tendance a se
contracter. Une relation auxiliaire eat introduite., telle que

et qui, support~e par quelques expdriences, conduit A remplacer, dana le second terme du membre de
droite de l'dq. 3a, le coefficient Cxc par le coefficient C mesurd.

Il en rdsulte lea relations fondamentales

kz CxC43f

1CP46c k - f C .
que lVon peut tranacrire en forme usuelle de correction de pression cin tique

kC C
ou

C
avec

A partir de coefficients de pression de culot mesurds sur la face arribre de
plaques planes rectangulaires, placdes normales au vent, d'allongement variable de 1 A 20 (2) et
d'allongeraent infini (4), des valeurs de 0 sont donndes dans le tableau 2 et placdes sur la figure 7.

Toutefois, pour des plaques de mame allongement, 0 peut varier d'une soufflerie
A une autre, toutes choses 6gales par ailleurs (10). Ainsi, pour un allongement dgal A tin, ii a dt
trouvd soit 0 -2,77 avec C:P 63.. = - 0,361, soit 0 , 2,66 avec C:Pbr_ - - 0,375. Cette diffdrence
eat vraisemblablement lide A la turbulence du courant d'air dana Ia veine d'essais.

En allongement infini, 0 vanie avec 1'inclinaiaon de la plaque par rapport A Ia
direction du vent et son dvolution en fonction de l'incidence, donnde dana le tableau 3, correspondI ~s~.siblement A celle obtenue avec des profils (4).

4 -GENERALISATION

Une double ddmarche, hardie mats justifide par l'..xpdrience comme il eat montrd
danis lea conclusions, permet de transcrire le r~sultat dO A l'obaervation de l'6coulement derrii-re
une plaque plane, fondde sur la notion d'eau morte, en termes de corrections de blocage dO aux ddcol-
lements sur une aile plac~e A forte incidence.

La premi~re, beade sur l'aralogie entre lea dcoulements rapportde dans le para-
graphe 2, consiste A utiliser 1'dq. 5 comme tetme correctif de pression cindtique autour d'une aile
ddcollde (10, 11). Alors, pour des allongements compris entre I et 10, Haskell propose d'adopter
0) - 2,5 et pour l'allongement infirit, 0 - 1. Reate A d~finir le coefficient de tratnde de
d~collement, C xd, qui doit 9tre substitu6 au coefficient Cx de l'dq. 5. Ces deux param~tres 0 et
Cxd sont diacut~s plus loin.

La seconde d~marche propose d'additionner le coefficient 63 aux coefficients
C4 et 45z -.,mme le mont-re 1'6q. 2 (10, 11, 12). E.. l'abaence de d~collements, Ia correction de

pression cin~tique appat..IL sous sa forre usuelle (12, 13). Cette superposition lindaire, qui 6-vitc
toute discontinuitd dans lea calculs, ae confirame par le fait que les d~collements n'apparaissent
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C ~pas g~n6ralernent d'une fagon subite. Ila a'amorcent, par exeisple, vera le bord de fuite d'un profil
pour remonter vers son bord dlattaque, avec le bulbe d'eau morte (fig. 3a et 3b).

Ce ph~nomb.ie eat auasi vrai en bidimensionnel qu'en tridimensionnel, M'ais dans
ce dernier cas, de plus, uls s'6cendent progressivement A toute l'envergure de 1'aile. On doit enfin
remarquer que si lea coefficients 46 e t E2 sont fonctions de Isa position de Is maquette dana Ia
veine d'easaia puisqu'ils aont dtablis A partir de Ia thdorie dea images, le coefficient 63 eat
ind~pendant da cette position de par l~a nature mtme de aon calcul (14).

4.1 - Coefficient 9 - Tarage des aouffleries

Il peut aembler prudent, A cause de l~a turbulence, de contr8ler l~a valeur de 9
pour chaque soufflerie munie de veinea A paroia guiddes. Mais il devient impdratif de connaitre Is
valeur de ce parambtre pour tout autre type de parois, cosine par exemple, pour des veines rectangu-
laires semi-guiddes.

Pour cela, on place succeasivement dana Ia veine d'exp~riences des plaques planes
SOIL circulaires, aoit rectangulairas de niame allongement, mais de surfaces S diffdrentes. Leura
coefficients de trainde Cx sont- mesurds. Par un proc~dd graphique, il eat P03sible de d6terminer Ia
valeur de 9, puisque grace A 1'6quation 3:

ex_ Cx ny

o~i Cxc d~signe la valeur du Cx obtenu loraque SIC tend vers zdro. Autrament dit, Cxc eat Ia valeur
du coefficient de train~e de la plaque de surface S cosine si elle 6tait soumisa A un 6coulement en

On peut encore mesurer lea coefficients de pression de culot en arri~re des
plaques et, se rappelant que

tracer simplement Cpb en fonction de SIC. On en ddduit pour SIC =0, le coefficient

CA6c
Si lea preasions sur Ia Lace arri~re des plaques sont perturbdes, on peut prendre

leur valeur moyenne (4). Cependant, dana ca cas, la m~thode par lea Cx semble prdf~rable.

Des examples sont propos~s aur lea figures 8 et 9. La figure 8 eat relative A la
soufflerie circulaire guid~e n* 1 de l'Institut A~rotechnique de Saitit-Cyr (15). On obtient 0 = 2,69,
valeur placde sur la figure 7.

La figure 9 correspond A des tarages effectu~s dana la veine rectangulaira cemi-
guid~e de la soufflerie Br~guet A Vdlizy (16). On a deux valeurs de 9 A savoir 1,92 at 2,18. on adop..
te 9 2. Ces points sont dgalement portds sur Ia figure 7.

4.2 -D6finition du coefficient de tratnda de ddcollement Cxd

La coefficient da tratnee dea ',ol$olement Cxd east le param~tre le plus Important
car il d~finit, an fait, l'allure de Ia poltira exp~rimrtitale. Il apparait aux incfdences pour le3-.
quelles cette polaire n'est plus confondue avec Ie polaire parabolique thdorique, parallille A Ia
polaire induite. A iso-Cz, le coaflicien't Cxd n'est autra qua Is diff~rence des coafL icients de trat-
ada de ces daux polairea :

olddaligne 1'allongement 6quivalant de l'aile, Cxu at Czli leas coefficients expkrimantaux bruts
at en supposant qua le Cx minimum correspand au coefficient de portance nulle.

Bien souvent, leas corre..tions de blocuge ne sont pas utilisdes d'unc faqon systd-
matique. Celles dues aux ddcollaments ne le sont qu'accessoiremantL at servant uniquement de contr~le
(17). On ddtermina alors le Cxd graphiquament (10, 11). Darwq lea cas simples, on traea Cxu exp6rimen-
tal an fonction du Czu2(fig. 10). Les points exp~rimentaux se placent sur Ia droita de pente 11V
puis s'en 6dloignent dbs qu'apparaisaent las ddcollemants, d'o~i, par diffdrence, lea valaurs de Cxd.

On peut rapprochar de cette mdthode, celia qui, utilisde actuellcemnt en bidimen-
sionnel (18), consiste A calcular la valeur de 7eA en recher,.hant lea coefficients Cxuf at Cz13f qui
correspondent sur Ia polaira expdrimentale au point de finesse maxina-le en suipposant qu'A l'incidance
corrf~spondante il Wy ait pins de d~calloma:nt. 7'uur un protil symdtrique, on a

I ex CUf



4.3 - Remarciue importante

Depuis 1966, les Avions Marcel Dassault emplolent: couramment les relations de
corrections (1) e:- (2). Puis, suivant lea recommandations de Ia section Etudes Gdn~rales du Service
Technique de l'Adronautique du Gouvernement Frangais, dbs 1968, ce proc~dd a dt6 6tendu A Is plupart
des souffieries frangaises basse-vitesse qui corrigent leurs r~sultats bruts des effets du biocage
(12).

Ces relations ont dtd n6cessairement transform~es en programmses machines pour
ftre introduites dams les chalnes de d~pouillements des rfisuitats d'essais. Mais, revenant au blo-
cage dft aux d~collements, on exprime Cxd sous sa forme Is plus gdn~rale, comme ii est montr6 sur Is
fig. 11: r2

C y d = Cx14 I C ,, . 7
On recherche l'El6ment de parabole confondu avec Ia polaire expdrinentale sur ls

plus grande plage de Czu en utilisant is m~thode des moindres carrds. Cette prograssnation rend ais~e
et prdcise Is d~termination de la valeur de jeA' mats implique de connaitre une plage de points
exp~rimentsux limitde p..r un Czu sup~rieur et un Czu inf~rieur, bornes de Is poisire sans ddcolie-
ments. Ce Czu inf~rieur peut atre sussi utilisd, par exemple, pour d~limiter et rejeter du calcul de
?-,A, is zone d'apparition d'une poche laminaire sur Is polaire de certains profils. La rechercheJ de is valeur de 1?eA' d~fini par

9~f A' (Cz~ - 2 U,,77

est d'autant plus prdcise que les points expdrimentaux sont plus serr~s.

On remarque enfin que pour des sules hypetsustentdes, et bien que i'avionneur
s'intdresse surtout aux incidences dlevdes, on peut atre anen6, en souffierie, A faire queiques
points de mesures A des incidences trbs faibles (fig. 3a) pour d~limiter ls borne infdrieure de is
polaire th~orique.

Ce proc~dd slest r~v~l6 uatisfaisant et d'un empioi tout A fait g~n~ral name
pour des siles dont le Cz max. eat de i'ordre de 3 (12).

4.4 -Ecoulement compressible subsonicque

L'introduction de is compressibilit.6 eat ais~e. Grace A l'utilfsation de ls ra-
gle de Guthert (19,20), avec /9=11-. 47 I'dq. 5 devient

En premi~re approximation, on admet qua le coeffic.-i.. 0 W'est affectE par ls
compressibilitd que par 1'interm~diaire de l1allongement qui s'exprine par/IA inentd-
mensionnel at pour,/A .isemtd-

I<13') <ý0,

on adopte ls relation facile A introduire en machine (2?)

6-2,8 -0, 068 113

qui, pour 13 -M 2  , se r~duit A ls relation proposde sur ls figure 7

(9 i2 9,- 0 068.A

La poisire induite n'dtant pas modifide par la compressibilic6, ls recherche du
Cxd se fait canine ii a Wt 4crit plus haut en 4.3. La borne sup~rieure du Czu Ai partir de laquelle
lea deux palaires me sont plus confondues d~crott lorsque le nombre de Mach augmente. On a sinai une
limite A Is d~termination du Cxd.

Enfin lea relations (1) et (2) s'Ecrivent maintenant

avec 7 7-17
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dana le tableau 1. En outre, intervient tine correction stur le nombre de Mach

En conclusion, on va prouver par des exdmplea la justesse des ides 6uiaes prd-
c~dement. On fera dgalement,asuivant lea mgithodes-prdconisdea par l'AGARD, quelques recommandations
afin de situer lea r~aultata acquis par rapport. & ceux qui demandent encore certaines prdcisions.

Le support de toute thdorie semi-empirique demeure as vdrification~expdrimen-Ii tale. Cleat pourquoi la d~monstration de is val-iditd de Ia thdorie de Maskell et de sa gdndralisa-
tion ne ;cut atre apportde que par l'utilisation intensive des relations de corrections de blocage
dO aux d~collements qui apparaidaent 3ur des oil-- placdes, dana tin Ecoulement incompressible A des
incidences iflevies oti mame A des incidences moddrdes dans tin 6coulement compressible. Leur applica-
tion aux rdaultats d'essais bruts obtentia A partir des maquattes d'uiý mfme avion, rdalisdes A dif-

fdrentes dchelles, placdes dona diverses souffleries, permet le regroupement de leurs caractdristi-
quea adrodynamiques. Pour tine mtme configuration de vol, lea rdsultata corrigd-s deviennent homagbnes.
Mais l'effet essentiel des correbtions de ddcollements demeure le regroupement des coefficients de

portance sutour dlune mgme valeur et tout spdcislement dona le domaine des Cz max.. Lea exemples
proposds concernent lea Avions Marcel Dassault :MIRAGE III, MIRAGE G,, MIRAGE F. De plus, des rdaul-

tots d'essais en vol viennent confirmer lea r~aultats de souffleries sinai corrig~s, obtenus en tri-

dimensionnel incompressible aussi bien stir maquettes complbtes que stir demi-maquettes A Is' parui.

En tridimensionnel compressible, lea r~sultats relatifa A des maqtbettes complbtes
sont satisfaisants. Maio l'utiliaation de ces corrections n'en eat encore qu ati stade pr~liminaire.
Il en eat de mtme pour le bidimensionnel quoiqu'encore lea r~sultats obtenus solent ddjA plus nom-
breux.

5.2 - Etudes en cours - Bidimensionnel

Une remarque a'impose :il eat rare que l'allongement infini soit rdslis4 et
l'sllongement dquivalent V' ddpend surtout du montage expdrimental. Il eat souvent de l'ordre de

20 A 30 bien qu'il atteigne des valeurs volumnes de 50 conue danc Ia sotif~lerie S1 de l'0.N.E.R.A.
A Cannes (21), ces *zaleurs de X1 6tant d~termin'des dans le domaine sans dEcollements. Le coeffi-
cient 9 semble slors pouvoir ~tte ddduit de is fig. 7. Mais 9 eat variable avec l'incidence comme ie
montre le tableau 3 (4, 10). Ainsi, 9 eat d~termind par tine double entrde

On eat donc tentd de prendre 9 ldgbrement supdrietir A 1.

Des essais ricents et. comparatifa, entrepris A bass.e vitesse, stir tin mbme profil
de corde -0 placE dana deux souffleries de hauteurs H diffdrentzes confirmehir que 9 doit ttre compris
entre I et 1,15, Vinfltience de l'sllongement Equivalent dtant prdponddrante. Ces valeurs d6 9 peti-
vent 0-tre conservdes jusqu'& Ho t 0,3, limite d'utilisstion actuelle de la soufflerie S 10 du
C.E.A.T. (18).

Pour d~terminer et prdciser 9,, dana le caE _.e profila ddcoilldaplacds en prdsence
de paro~'a Ruiddes oti permdsbles A nombres ae Mach dlev~s, on envisage, 6n ase servant de 1'6q. '3,
d'utiliser d'une part la valetir moyenne de leura coefficients de pression d'extradoa et d'autre part
leura coefficients de traInde. Regrouper autour d'un mtme valeur lea Cz max d tin profil, meaurda en
prdsence de paroia de permdabilitds diffdrentes, justifierait cette m~thode.

De tels easais sont actuellemenC en cours dana ia soufflerie Rl Ch de VONERA A
Chalsis Meudon. Mais d~a A prdsent, on doiL nentionner que mtme pour des nombres de Mach de 0,8, on,
obtient des valeurs de 9 qui sont en bon accord avec celles du tableatj 3. L'aiiongement Equivalent
Etant tr~s 6levE, l'influence de l'effet d'lncidence cenbie importante.

Dana tous lea coal, on doit se rappeler le mod&Ie proposE par Maskeil et'la nature
dea d~collements a 6tE observde en particulier A Rl Ch pat films cindmatographiques.

5.3 - Etudes en cours - Rdsuitats acquis - tridlimensionnel compressible

Pour des nombres de Mach compria entre 0,5 et 0,9 et Zi incidence variable, tin
avion de transport muni d'une sule en fl~che, d'allongement voisin de 7, a Wt essay6ddana la souf-'
flerle Z 4 de l'Institut Adrotechnique de Saint-Cyr dont Is veine carrde se prate A is rdalisation
de deux configurations

- veine A quatre parois plei nes

- veine A parois verticales pleines et A parois horizontales perfotdes posaddant une
permdabilit6 gdom~trique de 29 %.
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Dens lea deux caa, le rapport de Ia surface S de l'aile. A Is section C de Is
veine eat Egal A 1/24, et lee corrections de blocage de volume461#4 et de sillage e~, sont n~gli-
geabica ou nulles (22). L'effet des d6ccollements apparait. sur lea courbes iaaues de la veine guid~.e.
L'application dea corrections en 463" correspondantes du paragraphe 4.4, donne des rdaultats satia-
faiaants cosime il eat prouv6 par lea exemples de Is figure 13.

5.4 - Rdaultats acquis - Tridimensionnel incompressible

Maiuettes compl~tes et demi-maguettes A Is paroi

5.4.1 - Ailas delta

La fig. 12 montre des rdsultata obtenus aur des maquettes W'ailes delta du type
de celles dont aont 6quipda les aviona DASSAULT :MIRAGE III et IV. On confirme ainai leo correc-
tion. appliqudes par Maskell A des sules delta d'allongement 3 placdea A des incidences aupdrieurea
A 150 (10, 11). Cependant, il convient de faire une remarque. Revenona A Isa fig. 12. En fait, pour
lea incidences infdrieures A 120, lea r~sultats soot redevables des corrections ef ete6zuniqueaient,
clest-h-dire que le tourbillon d'spex, bien organisd, crdateur de portance tourbillonnaire, nWest en
*aucun cas assimilable A un d~collement du type d'eau morte. Mais dbs que l'incidence atteint et ct6-
passe 12%, Is courbe unitaire de portance slinflA-cbit. Le tourbillon d'apex a'Epanouit et on doit
alors ajouter le terme correctif e 3 , dQ aux d~collements.

5.4.2 - Avion MirageG_

On donne quelques exemples d'application des corrections oe blocage, en mettant
en dvidence la part de celle due aux d~collements, A des rksultats de maquettes et demi-maquettes de
l'avion MIRAGE G dana as configuration ; voilure en fl~che mod6rde, fortement hypersustentde.

Las easais ont 6t6 rdaiis63 dana lea souffleries du C.E.A.T., A Toulouse, de
I'ONERA, A Chalais-Meudon et BREGUET A Vdlizy, lea courbes correspondantes sont donndea aur lea
fig. 14 et 15. On a 6galement portC 11importance des corrections lea unes par rapport aux autres.

A partir de fortes incidences, le terme en 4 3 peut ttre d~e l'ordre de grandeur
de d7 + 62, v'oir mane supdrieur.

Enfin, on doit noter que dana la soufflerie BREGUET, bien qtie le coefficient 0
soft pris 6&-1l A 2, Ia correction es~ eat tr~s faible et nintervient qu'& partir d'ur. Cz voisin du
Cz m~ax.. Ce r~sultat eat important car il met en 6vidence Ia part prdponddrante de la polaire et du
Cxd. De plus, on se -appellera que dens cette soufflerie 46/ 46t*0, de par la r'ature des parois
veine rectangulaire semi-guid~e par plancher Pt plafond.

5.4.3 - Avion MIRAGEF

La figure 16 donne des rdsultats obtenus, av.int et apri~s corrections, Bur des

nvaquettea et demi-maquettes de 1'avion MIRAGE F. Son aile, en fortt fl~che, est fortement Ssutent~e.

Lea essais ont 6t6 effectuds dens lea souffleries dc. llnstitut A6rotechnique de
Saint-Cyr, de 1'0.N.E.R.A., A Chalais-Meudon, et du C.E.A.T., A Toulouse,

On renarque encore, sur la fig-ire 17, A forte incidence, 1'importance des correc-
tions de ddcollementa dana le cas du grand eucombre-nent ou S/C 'V 1/5.

5.4.4 - Souffierie_-_Vol

La figure 18 compare des r~sultats de souifleriea corrig~s avec ceux du vol ct
mnotre Is cornfiance qu'il eat permis d'accorder aux corrections de blocage de d~collements auperpo-
ades A celles de volume et sillage ntme pour des valeurs 6levdes de S/C. L'estimatian de E3 , grande
par rapport A E/ + E2 , eat largement satiafaisante.

Maskell pensait que le support de as thdorie, relative aux 6coulements derri~re
des plaques planes, et tratispoa~e aux sules portantes d~col1des, ne pouvait provenir que des rdaul-
tats obtenus apr~s application de la correction de blocage elle-nane (10 - p. 15).

Lea quelaues exenpies propoada prouvent Is validitd de telles hypoth~ses. On a
donc g~ndialisd I'utiiisation des corrections de fagori A rendre leur emploi syatdnatique dena Ia
technique des essais de soutfieries.
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TABLEAU I

Facteurs de correction de blockage

e= e + +- 6.3

2 --Y#- C + 941
Vo~ine 12i f_ _ _ _ _ n2_ ___ __9

C4 1 li/re J -0,5 10 1 _ __ _

WIMP7 12i 1(22 09

.Gwdie 1 1 2,5
WV Lize -o.25 0 _ _ _ _ _ _

-! 2 I 0-

n&,-- --- I - o - ,
2odim. c/n.~I3irn 3 &m

~4-4I

O Ot(•') 2 et.3 mensions -" __

10 22 5 • 0 00

S/c Z , 145 1,4.5 f, 45 1,45. f,45 7, 15

X//S' 2,96 2,86 2,46 2,26 0,.96

Clj -0,360 -0,370 -0.415 -0,470 -0,680 -1,04

S /2,77 2,70 2,0 Z3 , o,4 0 0,9fI6

f() 2 Mmon-sions "ALA

P.-Ofil/s /~Alcqe planbe PnbIls IP/a 7 ue' plane

10 10f 20 30140 45150 70 90
____ - 070 0,~78 - 080 0,92 -0q,94 -0,9v -09/ -1,05

f,43 f,28 f ?5j1,081O6 1,021 ,10 1 ,9
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0 10? cI

-0.2 30
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C pbc.
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x~ V,= 30 m/s
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Fig 9 Tarage do la souffierle BRIGUET a Plaque circulaire
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AERODYNAMICS OF HIGH-LIFT AIRFOIL SYSTEMS
by

A. M. 0. SKith

Douglas Aircraft Ccpany

SUMMARY

The purpose of chis paper is to clarify and illuminate the aerodynamic processes that occur in flow
pa.t uppowered multi-element airfoils in the high-lift attitude. Charts showing permissible pressure
recovery for retarded flows are presented. The best possible load carrying pressure distributions are
described, as well as airfoils that reveoop the maximum possible lift in fully attached flow. The proces-
ses of interaction between elements of a multi-element airfoil are discussed at some length. It is shown
that for a given optimum type of pressure distribution a two-element airfoil can develop more lift than
a single element airfoil shaped to develop this same pressure distribution.

PRINCIPAL NOTATION
S. a,b, constants in Stratford's pressure distri- q velocity magnituide

bution, eq. (6)
c chord Rc chord Reynolds number, u. c/v

Ssection lift coefficient R, length Reynolds nmber, uot/v

Canonical pressure coefficient, Ro length Reynolds number for flat plate
. - flow forward of pressure rise.P - Po Ro = u° X/V

12 P ud- ,see Figure 6 0
0 circumferential distance around an

•" airfoil
C onventional pressure coefficient,

p - p. u velocity

T9/72 5 x length

flf 2 ,f 3 chord fractions, eq. (16)

I length of a flat plate, eq. (14) a angle of attack

M Mach number p polar angle around a circular cylinder
measured from forward stagnation point

m exponent in canonical pressure distribu-
tions, see Figure 8 0 momentum thickness of the boundary layer

m2 ,m3  velocity magnification ratios, eq. (16) ( )o conditions at start of pressure rise

n exponent in Stratford's eq. (5) ( )sep conditions at separation

p pressure ( )e conditions at the edge of the boundarylayer

Po pressure at start of pressure recovery, conditions at the trailing edge
see Figure 6 )T.E.

p. ambient pressure ( )• reference conditions, far away

1. INTRODUCTION

In surveying the literature and knowledge pertaining to the problem of low speed separation as re-
lated to the development of high lift the author finds little clear discussion of the fundamentals of the
flow processes. Often a paper deals more with "how to" than "why". In some cases wrong thinking is
clearly perceived, in other cases correct thinking shows through but the processes are never explicitly
discussed, or in all probability the processes have never been considered in detail.

The subject of interest is simple two-dimensional flow, not complicated by laminar bubbles and
reattachment, B.L.C., or partial separation. Hence, documents such as that from the AGARD Conference on
Separated Flows [1] do not contribute to the problem of interest. Reference [(] is an informative survey
of lift augmentation devices and supporting studies. But it too has different interests. The work in it
that is closest to the present subject is by McRae entitled Aerodynamics of Mechanical High Lift Systems.
Its aerouynamics is sound but i-, is priiiarily concerned with general correlations, and it considers too
large a variety of devices to get into much detail.

The purpose of this paper then is to clarify and illuminate the underlying aerodynamics of develop-
ing high lift. The problem resolves itself into two sub-problems - (1) the aerodynamics of the boundary
layer flow and (2) the aerodynamics of the inviscid flow. The boundary layer type of analysis (problem 1)
tells us whether and where separation will occur. It amounts to the allowable load problem. The inviscid
analysis (problem 2) tells us what can be done to produce pressure distributions more favorable to the
avoidance of separation. This amounts to the ap~lied load problem. In particular the effect of slots as
on multi-element airfoils is dealt with at some length.
*Chief Aero- .acTcs Engineer -Research

Ii'~
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PART I. THi ABILITY OF BOUNDARY LAYERS TO EDR PRESSME RISE

2. THE ABIL'TY TO PREDICT SEPARATION POINTS

Whether lifting or not, any streamlined body moving through a fluid causes a local speedup of the
* velocity, followed by a retardation towards the trailing edge, at which point the velocities are not far

from those of the ambient envirmonmet. At higher angles as lift is increased the local velocities on the
suction s'ide increase, so that decelerations near the trailing edge become greater. Finally as angle of
attack and lift are still further increased the flow will begin to separate. Therefore accurate predictionof separation points is seen .to be a vital step in the analysis of high lift systems. Extensive studies of
theoretical separation points nave meaning only if the methods of analysis have sufficient accuracy. Hence
the first question to be answered is the accuracy of existing methods.

Just such a study is described in [3] which is a condensation of [4]. Four methods of predicting
separation were examined and three proved satisfactory for purposes of general engireering analysis. These
were Head's method, the Cebeci-Smith method and Stratford's method. Figures 1, 2, 3 and 4. taken from [3);
show typical results. Tests carefully locating separation points are scarce, but Figures 1, 2 and 3 do
have such information. In Figure 4 separation points must be inferred as the point where fhe velocity dis-
tribution assues a constant value. In general there is satisfactory agreement between the rethofs and with
experiment. Based on examination of many more cases than stown here the Cebeci-Smith partial differential
equation method seems best, but Head's is not far behind. The errors in Stratford's method a:erage several
times as great but it still can be considered satisfactory. (It should be noted that the coinstants used by
Stratford have been changed somewhat in order to improve the accuracy, see [3].) Stratford's method has
great convenience because it does not require solution of the boundary layer equatisis. It is slightly con-
servative in that it usually predicts separation early.

In the studies that follow, calculations have been made by the Cebeci-Smith method. Not only does it
seem to be tre most accurate but also it is the only one of the three that can accownt for high Ruynolds
number and Mach number effects accurately. Figure 5 is a sunwry of further studies made at Douglas and
hitherto unreported. It is concluded that for rear separation (no laminar bubble-reattachment situation)
existing boundary layer methods are sufficiently accurate to justify a careful theoretical look at various
pressure distributions.

100 RMS ERROR FOR

67 POINTS =7.18%

10.0-

U.XE -6
VIO /

(EXPERIMENTAL)

1.0

0.1
0.1 1.0 I0.0 100.0

Ufo(xSEP X 166(CALCULATED)

Figure 5. Accuracy of predicting turbulent separation

points by the Cebeci-Smith met.hod.

3. CANONICAL PRESSURE DISTRIBUTIONS

Normally in airfoil and flap design the engineer looks at a pressure distribution as a whole. Con-
sequently the fundamental character of the flow is obscured by magnitude of Cp values together with the
many other details of the pressure distribution. But we know from basic scaling -nd similarity laws that
boundary-layer results are the same for two pressure distributions if they ca, b nmide congruent by proper
scalinC. In particular, the separation points will be the same excep" --or weak R,!ynolds number effects.
A I-inch churd airfoil at 200 mph will have very high velocity grad'•, -s while a 100-inch chord airfoil of
the same shape at 2 mph will have very gentle velocity gradients. v-t the flows are exactly similar. It
is the dimensionless shape that counts. Hence the fundamentals of . flow involving adverse gradients can
be dEscribed by a canonical system. It is illustrated in Figure 6. The essential feature is that velocities
are normalized by dividing everywhere by the velocity at the start of deceleration.
Then the only remaining parameter is a Reynolds number. R0 , the momeitum thickness at the start of the
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pressure ri-seis a very convenient one, although an Rx measure is also suitable. In the system of Figure
6 r = + I means that all the original velocity head at x = 0 has been converted to pressure head.

If two pressure distributions can be made congruent in the canonical sense an airfol having a deceleration

of (ue/u.)2 from 10 to 5 is no more or no less likely to separate than one Je-:le-3:ing from (ue/uz) 2 of
1.5 to 0.75. or even from 0.10 to 0.05. The canonical plot is the one that is mean ngful to boundary-layer
analysis. The conventional is the one that is meaningful to lift, critical Mach number, etc.

1.0 0

Figure 6. Canonical pressure distributions. Tne left hand corner migh~t represent the nose of an airfoil.
The origin of x is at the beginning of pressure rise. The pressure distribution can be
thought of as that of the upper surface of an airfoil. Separation might occur at sowe pointIas noted. In boundar3 layer analysis x is properly distance along a surface, although on wost
airfoils peripheral distance differs little from chord~ise distance. Because of the very siqple
relation be-Z3veay pressure coefficient and velocity ratio, the p~hrase pressure distribution is
applied indiscr•.'nately to either pressure coefficient or velocity ratio plots.

3.1 Relation of canonica1 pressure distribution to the conventional

The canor:'l prt;:ure distribution is easily related to the conventional airfoil pressure di.tt ibu-
tion, where the r.•ference velocity and pressure are u,•. It is clearer to work out relations in t•,,ms of
velocity squared rather than Cp. The primary relation is very simple. It is

The last tern in (1) anounts to a constant. If one starts with a canonical pressure distribution, uo or

UU are not necessarill know, they" are just scaling factors. Equation (1) is useful for calculating

the canonical distribution fro a given airfoil distribution, for then (Ue/U )2 and (Uo/U )2 are know.

S~The constant (Uo/u,)2 has a definite value for one important problen,. It is the problem of applying to

an airfoil a canonical pressure distribution that has separation located somewhere Oh~ it as illustrated in
Figure 6. Since we do not want separation to occur on the airfoil this separation point must be at the

trailing edge. Then from (1) we can write

U=/sep-P !U1%p2\r!

s Solve for (Uo/U=) 2 and substitute in (1)

e 1( x) (2)(x)= Cu/ , Uo,Su/ (°sep

We know from general airfoil theory that (Ue/Uo) 2 at the trailing edge, where separ0'.i is assumed to be

Z ust avoided, is about 0.8, corresponding to *p 0.2. Then if the canonical pressu, c dlstri~ution separ-

p~tes at (Ue/Uo )2 =0.4 the factor is 0.8 ÷ 0.4 = 2.0. Equation (2) is a true statement no matter where

separation is allowed to occur on the airfoil. However in practice airfoils are not delibe 'ately designed
to have separation. Therefore since separation is cormmon in canonical distributions as wil, be seen, the
assumption that the corresponding separation point on the airfoil is at the trailing eJ~e i• reasonable.

Then (2) can be re'~ritten

(Ue/U=)Cue/u.) (

0 sen

Equation (3) is easily written in terms~ •f Cp Writing

1.13
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= (pT.E. -ý)TE

2

r-= e

we have. from (3). (
1-W I p T.E. I1 p~) (4)

lrp xr (x)
"1 Psep

Ibserve from (Al that if (Cp)T.E. can be reduced (velocity increased) Cp(x) is increased linearly all over
4ie airfoil and hIw.e CL undergoes a like increase. This effect will be discussed later with examples.

3.2 Location ef separation on several canonical distributions

Our interest is m3inly the analysis of several fanilies of pressure distributions, but before pre-
sentin- results it is useful to discuss limiting flows. In connection with developmnt of his separation
criterion Stratford [5] -clved for thee Cp distribution that developed incipient separation all along a
region of pres!ur% rise. Hence it is a solution fur the fastest possible pressure rise and so has consider-
abil technical interest. In [6] Stratford ey•risentally produced one of these flows. Experiment and
theory were in gocd dgreement.

For the beginning of the pressure rise his solution is

C. 0.645 0.435 RD Z - 1 [ (p- nj+--T-T5
1 0 ~~

where x. is the effective length of tirbuient flat plate flow ahead of the beginning of pressure recovery.

R. is ;oxo/,.- ai-] x is distance weasured from the start of the entire flow. The quantity n is an exponent
whose value is approximately 6. The eq:;ation for the final portion of the flow is

a n-2
Cp -(xx° + b?1/2 Cp ->n+'T (6)

In (6) a and b are constants that permit (6) to match values and slopes with (5) at T = (n - 2)/(n + 1).
p

S_.....Un 4= 106 VALUES OF R9O•Uo/V = 107

) -Xo - 015625 FT uoI/1

(X0 -0.0625 FT. i
U i -- oO.eT XOIOT FT.F•"I' 0

o 0 11/64 107 o 518
1/16 268 11504

0.8 .2 1/4 739 4604

EQ. 5 1\ 12224 114442

0 .6 .4 ~ ~J O I N I N G P O I N T S " I _ I -
0.4 .6-," EQS 586 • -" '-._

EQ 6
0. ....

O 1.01- -0 .5 X 10 FEET 1.5 20

Figure 7. Stratford limiting flows at two values of unit Reynolds number

A family of typical velocity distributinns is presented in Fiqure 7. All flows start at x = 0 and
pressure recovery starts at four locations as shown. Two unit Reynolds number; are considered. The small-
est x-Reynolds nunmer corresponds to x = 0.0.5625 feet and uo/v = 106 per foot or 15,625. The largest is
107. The constant velocity roof-top p8rtion is assumed to be turbulent throughout. Stratford presents a
method for calculating an effective initial length up to xo when the initial flow is partially laminar
and of variable pressure. Another way of using the curves is just to match values of RO at the start of
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pressure rise. The figure includes a table of initial values. Hatching Re is just as sound as matching
X". values, and more flexible .

Besides the general character of the curv.s several features are noteworthy.

1. The initial slope dip/dx is infinite, so that small pressure rises can be made in very short,
to zero distances.

2. In the initial stages the pressure rise varies as x1/ 3 .

3. The doe1nant variable is x/xo, see (5). Hence when the x0 distance is small and t'•e toundary
layer is thin, p;essure recoveries may be rapid. When the initial run is loog and the boundary
Iayer is thick, the allowable average pressure gradient is much lower. Or conversely, thick
boundary layers are much more likely to separate than thin.

4. The unit Reynolds nmber effect is relatively small.

5. One hundred percent of the dynamic pressure can theoretically be recovered, but the distarce
required is infinite.

6. Aside from error in the theory, the curves of Figure 7 are the shortest possible pressure re-
cnveries having fully attached flow. Nlothing better can be done except by B.L.C. They are
the 'end of the line'.

Stratford's flows are the real limits for rapid pressure recovery. They are a very special kind of
flow and provide no information about allowable pressure rises for other flows, or about the effect of the
shape of the pressure distribution upon the amount of pressure recovery. Accordingly two families of
pressure distributions were studied. One is where f varies as xm and the other where 1C is represented
by a family of c-rcles. The results are shown in Figures 8, 9, 10, and 11. in all these fRgures the region
of pressure rise is assigned a length of 1 foot, and unlike Figure 7 all pressure rises start at the same
point. Four different lenqths of flat plate flow are studied and their origins are noted. To illustrate
the use of the charts we shall go through an example. Assume the flow had an effective turbulent rooftop
run of 0.25 feet before retardation commences, and that the retardation is to obey the equation lCp = x2 .
Then using Figure 8 the flow begins at x =-0.25, passes x = 0 and velocities follow the m = 2 curve down-
ward. When the flow reaches the line marked 0.25 separation occurs. This point is at about x = 0.7 foot
and • -= 0.5. If the flow had started at x =-L.0 foot and followed the same p x2 line it would have

separated earlier, at the line marked 1.0. For convenience feet and uo/v were used as parameters. These
together form Reynolds numbers. If the pressure rise portion were considered to represent 10 feet instead
of 1 foot, it is equally applicable, if uo/v is divided by 10, because then Reynolds numbers are unchanged.
Or viewed another way, if the length of the pressure rise is called t, the abcissa on the che-ts repre-
sents x/z.

The shortest flat plate run, 0.015625 feet approximates a thin airfoil at an angle of attack. For
the flat plate run of 1.0 foot the steps used in the Cebeci-Smith boundary layer method are noted
at the bottom of Figure 8. They represent about average spacing. In the region of pressure rise the steps
are 0.05 foot. By examination of the plots it is seen that with this step length, for m < 1 the average
slope d p/dx a; computed by finite difference formulas is relatively moderate, whereas initially it
should be in 4inity. This difference may be a source of error in the analysis, however, it is not expected
to be gr-at. Boundary layer effects would tend to eliminate any infinite gradient. For the case of the
0.0625 foot run the calculations just aft of the start of pressure rise begin with steps equal to 0.0025
foot, much smaller values.

The charts represent fully turbulent flow along flat plates of the lengths noted. The x-length as a
parameter is a matter of convenience; the more fundamental parameter is R6 at x = 0. If R6 is held at
a fixed value corresponding to onq of tne flat plate runs then the bou,,dary layer calculations still apply
closely, no matter by what path the value of RP was reached. The value of R9 might come from an ac-
celerating turbulent flow whose velocity distribution was like that sketched in Figure 6. Or il might
contain a goad deal of laminar flow, in which case the equivalent plate length would be much greater. Tabu-
lated below are values of (R0 )o for the M = 0 flows. The values are also tabulated on the figure inmmed-
iately under the x-length values.

x Feet Uo/v = 106 Uo/v = 107

0.015625 (1/64) 107 518
0.0625 (1/16) 268 1504
0.25 (1/4) 739 4604
1.0 2224 14442

Table I. Values of R0 at the beginning of pressure recovery,

for the flows of Figures 8-11, 14 = 0.

The -eparation loci are crossplotted on the To curves. A slightly concave pressure distribution
provides not only the greatest recovery but also in much shorter distance. This fact is in agreement with
Figure 7. Also in agreement with Figures 7 iT the fact that higher unit Reynolds number for these plots
delays separation. It is interesting that in both Figures 8 and 9 separation did not occur instantly for
m < 1/3, see the figures. In fact for the 0.0625 case at ul/u = 10' separation did not occur until TV
0.8'. Resolution of this disagreement with Stratford's solution is a problem for the future.

In connection with the design -F thin airfoils Loftin [7] proposed the riterion that separation
occurs when Cp = 0.88. This line is noted un Figure 9. For a thin airfoil with some laminar flow near

the nose the effective flat plate run could easily approximate the 0.015625 value. 'hen for some 'Cp

1 4 5-
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Figure 8. Separation loci for a family of canonical, pressure distributions. Point spacing used in the
boundary layer calculations for the one-foot rooftop run is noted. The dotted curve for the
one-foot rooftop run is the separation locus for 1 - (u /u )2 = xm when H = 1.0. Except for
fractional values of m, the locus is nearly the sane as foF H = o. Values in parentheses
under origins of flow are values of Reat x = O. Uo/V= 106, H 0 0.

/X2

-2.G -0.25-00625 -- 0.015625
(14442) (4604)(1504 (518)

0.2 - a

04 .6--.4

18.2____________ _

SI CRITERION

0 -0.8 -0.6 -04 -0.2 0 02 04 06 08 10

X- FT

Figure 9. Separation loci for a family of canonical pressure distributions. Loftin's criterion
C =0.88 is noted. Uo/V= l0, Ho =0.
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Figure 10. Separation loci for a family of canonical pressure distriuutions. uo0/V 106, 140 0.



10-7

-2.0 -0.25 -00.5Fl)0ooLM5
(2=4) U21) (260).' (07,1

0 -.0 -

n2-~ itA

Figure~~~.4 8.Sprto-0ifra aiyo aoia.6esr itiuin.Pon pcn sai h

2

0.-0.4 02-025~O52

0.8-02

104

1.-0 -0-8 -0.6 -0.4 -0.2 0 0.2 0.4 0S 08 2-0
%- FT.

Figure 8. Separation loci for a family of canonical pressure distributions. Lofintspacritgaerionth
Condr lae aluaiosfr h8nefo rotps snoted. uThe dotte cuv forth

(224)-0.25 -00625 -0025625

M-4'



10-9

-LO -0.25 -. 0625

02-

0.4-- 0
-.6II I

EP 8 '02

ý.
_'-. 0.8 -0.6 -0.4 --0.2 0 0.2 0.4 0.6 0.8 1.0

x- FT.
6

Figure 13. Separation loci for a ;'xily of canonical pressure distributions. Uo/,= 10 , o= 1.0.
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Figure 14. Separation loci for a family of canonical pressure distributions. u 0' 107, Mo 1.0.

2([ - ue2 %1 74T )
11 +° -I H

-1p *Wof~ ' -2- 0~i i ) -1 (7)

When this is solved for (u,/uo) 2 the ue/uo gradients are noticeably reduced. In fact the curve for m 1/3

considerably resembles the 1,.ratford curves, Figure 7. The effect is roughly indicated by the (Ue/Uo) 2

scales spotted beside the _C scales. When =p = + 1, (ue/uo) 2 = 0.18 which is far from stagnation.

The alternate treatment is to specify that (Ue/uo) 2 = 1 - xm, independent of Mach number. One case

of this sort was studied and the result is shown on Figure 8. Very little effect of Mach number is evident.

Hence the answer as to the effect of Mach number depends considerably on what is being held constant.

3.3 Maximum suction lift on a single surface

If Stratford limiting pressure distribitions like those of Figure 7 are considered it is seen that

a short rooftop allows more rapid pressure rise as well as a longer distance for it to occur in. A long

roof top for a given chord has very little length for pressure recovery. Inviscid flow constraints specify

that the dumping velocity be nearly the same regardless of pressure distribution. If held exactly the

same then it is clear that one of these Stratford families contains the maximum area. Being the limiting

flow it crudely represents the maximum possible lift on the upper surface of a one piece airfoil. Figlire

15 shcws a family of such curves constructed for i total chord Reynolds number u.c/v of 5 x lOb. In

ills
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Figure 15 the flow is completely turbulent just as in
Figure 7. If the rooftop flow were laminar a much -8
longer rooftop run could be had for equal momentum
•-ickness at the start of pressure recovery. This
family is shown in Figure 16. For these simplified
situations the best possible high lift distribution -7
for fully attached flow is indicated and the best
possible lift coefficients for turbulent and laminar 0.82
reoftop flows are about 1.0 and 2.0 respectively.
The grat advantage of extensive laminar flow is -6 C4 u "fo (Cp-Cp.)dx
clearly exhibited; the suction lift is more than
doutold. In calculating the ctu values of Figures c.
75 and 16 Cp,, was assumed to be zero.

These concepts ha'fe been applied by R. H.

Liebeck [8] [9] to complete airfoils where many more 0.94
considerations and constrainzs enter. Furthermore
the application has been done in terms of surface -distance and circulation instead of projections onth a p i t on h s b e d ne n t rm of u f ace-
chord plane. Figure 17 shows one of the shapes de- 0.98
signed with a laminar rooftop to operate at Rc =
5 x 10c. The lift is quite high and the drag very 3

low. Wind tunnel tests verify this theory very well.
. CU •1.00 , MAX.

-8

163 0.91

: -7

-. 66

-6 -Cet .,(CP-Cp)dx
189O 0.0.C '5 - 8 20 0'.2 0 .4 L 0 '6 W0 6 - Cpt* -0.2

2•.01I

Figure 15. Suction side pressure distributions using
Stratford pressure recovery to Cp 0.20

-2.03o0> MAX at trailing edge. Turbulent rooftop,
Rc= 5 x 106.

-3
11.84

-2- 1.61

-2

1 12

2.0 LAMINAR
a- ROOFTOP0 2 0'4 06 08 CPt,0O 2 Re.= 5xlO0S~ue

C, -1 2 31
Cd =0.0055

•1.0 - Cd .. O 0 0 53

figurý! !6. Suction side pressure distributions using CdLIOO023

Stratford pressure recovery to Cp = 0.20
at trailing edge. Laminar rooftop,R( -" 5xlO 10

3.4 Off-the-surface pressure recovery.

At times the bourdary layer may undergo pres-
sure rise in a diffprent fashion. Its final decel-
eration is in the form of a wake, away from the sur- -
face. The wake is shed from an upstream element, 048
for example a slat. Figure 18 shiows calculated 0 02 04 O'F. d8 I'0

streamlines for a high lift configuration. On tne
top side flow leaves a forward element and streams
past the following surfaces at a slight distance off Figure 17. An optimize, high i ft a rfoil that uses
the surface. The flow leaving each surface is boun- a Stratford pr-vssare rec'very. Values
dary layer and hence it forms a wake. If a forward noted are tneoretical. S is peripheral
surface, say a slot, is sufficiently far out, the distance, aieasu.ed from the trailing edge.

1.19
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Figure 18. Calculated streamline flow field for airfoil with leading
edge slat and double slotted flap

wake is entirely in the main stream, separated by a region of invlscld flow. If closer in, the wake and
boundary layer of the main airfoil may merge, giving what is called a confluent boundary layer. These
wakes flow into a region of higher ptessure. For example in Figure 33 the final Cp for the slot is
about - 1.4. The final Cp at the flap trailing edge is about +0.35. Since the slot wake is never very
far from the surface it is reasonable to assume it too must undergo this pressure rise. Can it rke it?
At times flow ieversal can occur off the surface. The possibility is easily demonstrated by considering

-U U,

U,

INCREASING PRESSURE
STATIOI 0 STATION I

Figure 19. Flow of a wake into a pressure rise

Bernouilli's equation. Consider the situation illustrated in Figure 19. Assume (correutly) that pressures
are impressed by the inviscid flow. Bernouilli's equation applies exactly in the inviscid flow. Assure
it applies too in the wake along streamlines. In the wake cunsider a streamline having the initial velo-
city Uo. It could be any streamline, but our attention shall be given to the one having the minimum velo-
city. Write Bernouilli's equations for the two stations, remembering that pressures within the wake are
the same as those outside. Then

S+ = pl (8)

P + 1 Uo P2 + U (9)
p0  'ZP1 p0 T~ p 1

Solve for U2 and u2

1 12 1 22 [ P - pl+ ~-PU ]
u 2 [po 1 Pl +" U20

Their ratio is

12J'
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2 1 2

pop+,-P U

U PO PI + p U(10)

Now introduce out canonical pressure coefficient 'Cp = (Pl - Po)/ p U. After some manipulation(10) becomes
iu, T( Uo p

Pio p

If (Uo/Uo)2 were 112 eq.(1l) shows that (U,/Ul) 2 reaches zero when rp reaches 0.5, so that the velocity

defect ratio becomes magnified. Hence the possibility of separation in the stream entirely away from the
wall is demonstrated. Here viscosity helps because it tends to assist the slowest parts of the flow.

Newman [10] has considered this problem at some length, with viscosity effects included. Gartshore
[11] extends it and attempts to apply it to a problem closely related to ours. He has derived a test for
whether the depression in a wake fades away or grows. It is, in our notation

I dC1 dC 0.007 (12)
p p

where 8* is the displacement thickness at the beginning of pressure rise. When the left hand side of
(12) exceeds 0.007/8* a velocity defect will magnify. Information on this problem is scarce, and the
theory is not very well developed and proven. Therefore Gartshore feels justified in representing the
derivative by a simple finite difference relation. He writes a quantity C that measures the magnitude
of the inequa~ity in terms of values at Stations 0 and 1, Figure 19. We write it in both conventional
and canonical Cp form. In canonical form 'p at station 0 is zero.

C = 1 Cpl "Po 0.007 = Pl 0.007 (13)t P xi-Xo - x1 -Xo 0

The test is illustrated by applying it to the pressure distributions of Figure 9, with u /v = l10
as in that figure. It is assumed that a flat plate of lengths 1, 0.25 and 0.0625 feet discharges both its
boundary layers into the pressure gradients of Figure 9. The trailing edge is at x = 0, so that the phy-
sical setup is quite similar to that of Figure 9. Equation (12) shall be applied. The thickness 8* is
conveniently represented by the 1/7 power formula with sufficient accuracy

= 0.0463 z (14)

When twice this value, to account for both boundary layers, is inserted into (12) we obtain
20 0.075 R ',/s0 FOR d T 0.075 R 1 5

1 -T > (15)

".0.0625 FT.

where z is the length of the flat plate and R =

15 uoZ
I dp 0 Figure 20 shows plots of both sides of (15)

l-tp d-A for some of the flows of Figure 9. When the Tp
function passes above the horizontal lines the wake
depression supposedly magnifies.

10 - For fractional exponents the flows start out
unstable, if the criterion is to be believed. Then
for a period the flows may be stable, but finall/

mxl/3 they always become unstable. The linear distribution
5 -0-0.25FT (in = 1) starts out with a finite value, while w'ith

m > I the Up function always begins at zero. Ulti-
mately curves for any m merge and reach infi'iity
at x = 1.0, the stagnation point. Referring to (13),
this eauation could easily miss the infinity occuring

bL.OFT. near x = 0 for fractional exponents, because of the
0~ I iT .2 finite nature of the derivatives.

0 Figure 20 shows a strong effect of boundary layer
0 0.2 0.4 0.6 0.8 1.0 thickness as measured by the three lengths of flat

"x FT plate. The levels of these horizontal lines would
Figure 20. Evaluation of equation (15) fon the lower as the unit Reynolds number is reduced, in fact

decelerating flows of Fio(5fre t. by the 1/5 power. For the run of length 1 foot the

Uo/V = l07 m = 1/3 flow is always unstable, but the two others
begin stably. Hence, if to be believed, a wake m.ay
be more prone to trouble for the m = 1/3 flow than a

1CA
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boundary layer. However for thinner wakes, as for the 0.25 foot plate which is more the character-
istic length for a slot, difficulties are not encountered until x = 0.8, neglecting the very short region
aear x = 0 for m = 1/3. Upon examining Figure 9, for L = 0.25 foot it is found separation occurs
first, so that wake type instability is not critical. Even more margin occurs for the i = 0.0625 foot
flow.

Gartshore cites experimental evidence that confirms his deductions. It was obtained by examining
flow over deflected plain flaps. Without doubt the effect can and has occurred - separation off the sur-
face. But very little has been done on this problem so that validity of relation (12) is in question. Es-
pecially in question are some of the derived consequences, such as the initial instability for some frac-
tional values of m, e.g., m = 1/3, 1/2, hut which do not separate as boundary layers. The principal
purpose in presenting example applications is to, get the concept into the open, and at least exhibit in a
qualitative way the effect and the interaction between wake thickness and pressure gradient.

In practical applications with their lack of infinite adverse gradients through which a wake must
flow, this wake instability problem should rArely ue critical, meaning that wakes can endure pressure
rises that boundary layers cannot endure. What a multi-element airfoil does then, in effect i's to use two
methods of pressure recovery, the conventional, i.e. on-the-surface pressure recovery plus - off-the-surface
pressure recovery. On a slatted airfoil for instance the history of the flow is: •ir flows over the slat,
reaches a peak velocity and then decelerates in contact with the surface. It leaves the surface and con-
tinues to decelerate untll trailing edge pressures are reached, after which it gradually accelerates back
to free stream conditions. By this off-the-surface deceleration, recovery from very high negative Co
values can be made in much shorter distance than can be done when all the deceleration is in contact with
a surface.

Lockheed [12] has developed a very general method for analyzing flows when the wakes and boundary
layers merge. Because of the complicated nature of the flow bold simplifications had to be made, and it
too suffers from the lack of detailed experimental data to guide or verify the analysis.

PART II. DEMANDS ON THE BOUNDARY LAYER AND THEIR CONTROL

4. SINGLE ELEMENT AIRFOILS

This subject has been rather automatically covered by the material in Part I. The canonical pressure
distributions show general limits to the pressure rises and the set of charts can be used for eyeball
checks prior to careful examination of more nearly final designs by detailed boundary layer calculations.
If a boundary layer is overloaded, separation will occur. Then some change must be made in a design if it
is to be prevented, On a one-piece airfoil there are a number of means, - changed leading edge radius, a
flap, or changed camber near the trailing edge, a nose flap, or a change in type of pressure distribution.
A pressure rise may be changed from convex to concave, in the direction of Stratford's type. Use of can-

-2.0 onical pressure distributions for preliminary scanning
is useful. Figure 21 shows a conventional pressure
distribution. Where is separation most imminent?,

-1.8 near the front on top?, near the rear on top?, or on
the bottom? Figure 22 is the canonical form of Figure

-1.6 21. Upon comparison with the curves of Figures 8 and
9 it would appear that the nose is far from separation.

-1.4 o TEST DATA The rear upper surface is marginal, but only behind
THEORY about 97 percent chord. The lower surface retards to

-1.2 rp of about 0.5 in a rather short distance. Figures

-1.0
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Figure 21. A pressure distribution for a typical aft-
loaded airfoil. Pressure distribution Figure 22. The pressure distribution of
is corrected for boundary-layer effects. Figure 21 in canonical form.
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8 and 9 indicate Zo of about 0.6 could be reached in this distance. Hece there is sofe margin but not
much. Provided other constraints allow it, the faintly S-shaped pressuie distribution aft of 50 percent
chord on tihe bottom could have been improved by replacing it with one that is. concave all the wa,. In
problems and aFprroaches like this the advantages of an inverse airfoil method are evident: that is,
given a pressure distribution, find the shape.

An interesting problem relating to separation and the most rapid possible press.rc rise is:
"What is the thickest possible st'-ut that can be made that has no separation on it, and wtat is its
shape?w This problem is being worked on using Stratford's pressure recovery distriboition and inverse
airfoil methods.

I!

Figure 23. Preliminary form of a very thick strut that uses a Stratford pressure
recovery. Rc = 5 x 10. Accelerating flow is laminar.

Final answers have not been found, but one trial is shown in Figure.23. This shape is about 46 percent
thick. Possibly 50 percent can be reached.

5. MULTI-ELEMENT AIRFOILS

There seems to be a great deal of ignorance and confusion about the effect of properly designed gaps
inherent in multi-element airfoil systems. The writer has heard the question, "Shouldn't the test single
element airfoil always have a higher lift than a multi-element? The multi-element has a numbe,- of leaks
that amount to short circuiting". Abbott and von Doenhoff [13] merely make the comment, "Slots to permit
the passage of high energy air from the lower surface to control the boundary laye, nn the upper surface.
are common features of many high lift devices." This statement rather implies that the effect of slots
is thought of as a sort of blowing boundary laydr control. It really is not because all the inviscid
flow has the same total head. Perkins and Hage [14] make the harmless and non-Wnformattve statement,
"The air flowing through the slot in Figure 2-49 is accelerated and moves toward the rear of the airfoil
section before slowing down and separating from the surface". Lindfield in'Lachmann [15] has a brief
article on the slot effect. The essential features were studies by Lachmann in 1922 by considering ai
Joukowski airfoil, but his theoretical studies seem to have gradually been forgotten. Furthermore, he
considered only half the problem. Lindfield's article is correct as far as it goes but is not very
factual. He points out the need for better analytical methods before the slot effect can be well analyzed.
A very recent remark is the following taken from a NASA report [12]: "It is well recogniz d that the
usual function of the slot is that of a boundary, layer control device permitting highly adverse upper
surface pressure gradients to be sustained without incurring severe separation. This stabilizing in-
fluence results from the injection of the high energy slot flow into the upper surface boundary layer.`
It should be clear that there is room for further work. Furthermore, there is not really any boundary
layer control at all, as will be shown.

There are five primary effects of gaps, and here we speak of properly designed aerodynamic slots.

1. Slat Effect

The circulation on a forward element (e.g., a slat) runs counter to the circulation on the
downstream element and reduces negative pressure peaks on the downstream element.

2. Circulation Effect

In turn the downstream elenent places the trailing edge of the adjacent upstream element in a
region of high velocity that is inclined to the mean camber line at the rear of this forward
element. This flow inclination induces appreciably greater circulation on the forward element.

3. Dumping Effect

Because the trailing edge of a forward element is in a region of appreciably higher velocity,
the boundary layer flow "dumps" at higher velocity. This higher discharge velocity
relieves the pressure rise impressed on the houndary layer, so alleviaLing separation problems.



r 4. Off-The-Surface Pressure flecovery

The boundary layer from forward elePePts is duied at velocities appreciably higher tMa freeE l stream. The final deceleration to free stream velocity is dome in an efficient may. The
deceleration of the wake occurs out of cnntact with a wall. This is usually mwre effecti-e
than the best possible deceleration in cantact vith a wall.

i 5. Fresh Boundary Layer Effect

Each new elemnt starts out with d fresh boundary layer at its leading edge. Thin bound3ry
layers can withstand stronger adverse pressure gradients than thick ones.

These effects will now be explained and discussed in turn at some length. Laminar bubbles, merging
boundary layers- and the like may cplicate the case, but when Ruynolds numbers are high and at design
conditions such side effects should not be important. Therefore, only conventional boundary layer effects
are considered.

4.0- S 0
7ý --• #/AIRFOIL

S3.0- ALONE

"• 2.0-

-AIRFOIL +
i.0- VORTEX

VELOCITY

RATIO
0.0 -VORTIEX

0.0 02 s 0.4 0.6 0.8 1.0

a = 150 C-o TOTAL = 2.4741

C.o OF ISOLATED Co AIRFOIL = 1.8789
AIRFOIL=2.3741 Cd AIRFOIL = 0.3680

Figure 24. Velocity distributions on an airfoil with and without a vortex located as shown.
S is the arc length around the airfoil surface beginning at the trailing edge,
measured in a clockwise direction. Total perimeter is unity.

5.1 The Slat Effect

Figure' 24 illustrates this effect. A slat that is lifting has circulation in t:ie direction sketched,
see upper part of figure. Approximately, then, the slot may be simulated by a vortex. It is evident
from the sketch that the velocities induced on the airfoil run counter to those near the nose of the
airfoil, especially at high angle of attack. Therefore pressure peaks should be reduced. Liebeck and
Smyth [16] have receitly studied this effect using a special generalized Joukowski airfoil program with
computer graphics. Figure 24 is an example of the work. In the method the vortex could be moved around
at will. The best location was typical of that for a best real slat location. The "best" location is
not a precise statenent; it is the location where the suction peak was largely eliminated and the re-
sulting pressure distribution was regular. At a =150 the plain airfoil developed a very strong suction
peak as seen. As noted at the bottom of the Figure c, for the airfoil alone is 2.37. With a vortex
located as shown (its strength is not noted) the pressure peak was eliminated, the airfoil c, fell to
1.88 but the total lift including the vortex increased to 2.47. Flow near the rear of the airfoil was
almost unaffected. This, then, is the slat effect. The peak nose velocity ratio wa: reduced from about
4.4 to under 2. Obviously the boundary layer is much better able to negotiate the modified 4;stribution.
Note that with vortex operating there is only a very small increase in total lift. This fact is consis-
tent with wind tunnel observations. With slat extended the main effect is to delay the angle of stall,
not to shift the angle of zero lift.

There is an ilteresting and more physical way of considering and explaining the slat effect: con-
sider Figure 24. When the airfoil is at an angle of attack, flow whips around the nose, which has a
small radius. High centrifugal forces on the flow are developed. Without auxiliary help, high negative
pressures around the nose are needed to balance out the centrifuge, fo,-cE and bring the flow around the
sharp turn of the nose. But in Figure 24 the vortex "s a turning aid, and a true slat also would be one.

1I21
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There shn~ld be a close correlatiorm betlmem the amit of lown ftkee by the slat amd the ameage C
redcticm ovee the we~. This probiea woid be a good cue for fe them studyv. 'The writer I m ed
at Figure 24, ani crudely made the followieg estimtes- Area mmodlatud - 10 percent Chord. am
of airfoil alone for this regiac =4-. Man Cp for sam region with vorte present - -2. Me C
Change -6. Them! time approximate forc on vortex - C = 6 x 0.10 =0-6. 7he Jifferemice~
C to am Ci~~a~fi is just the lift on the vortik According to the &er c' the botto of
Figure 2$. c = 0.6 is indee She load carried by the vortx This analysis probably camet be mde
"~atitative! but it does add to the maemtanding of the flow processes. I. the above analysis the
force exerted -V the vortex is not Just vertical- It has a "ra copane~t too. Accordling to Figure 24
its cd value is -0.3662, a negative force widch causes slats to extend automatically. A smre careful
estimate would consider this corfporent.

The slat effect on real airfoils is exhibited by Figures 31 and 32- Figiwee 31 0ms~ three airfoils
together. all at the sam angle of attack- The pressure distribution of the basic isolated airfoil is
sbow by the dashed line. Observe the extreme rounding of the peaks that has occurred on the torear
airfoils. This rounding is not doe solely to the circulation as in Figure 24. Part of the effect is
doe to thickness- Because the flow on the tw sides of the front airfoil is merging at the trailing
edge the flow is retarded, and the nose of the following airfoil is in this retarded field. Aeother
method of considering the interflerence effect is to consider surface -source, sink sioplarities that
can define the airfoil as in the Douglas !!euman progra. At the rear of the airfoil they are sinks,
and hence locally add veloc-ty perturbations that are counter to the main flow field.

Figure 32 shows the effect still further. T1he peak velocities on the .ait, airfoil have been
reduced dramtically by the slat. Later in Section 5.3 it will be sl~wn that the hig. velfr-citfes on
the slat itself can be tolerated.

5.2 The Circulation Effect

The slat effect his been recognized before, in fact clearly as far back as 10922 by Lachwann [15].
But the circulatiop effect does not sees wo be explicitly recognized. Figur, 25 shwte effect in

3.0

2.0 -AIRFOIL + VORTEX
VELOCITY

RATIOALN

1.0-

0.0

-1.0
0. 0.2 0.4 0.6 08 .

a:i5a Cj TOTAL= 3.4937
C1 OF ISOLATED C.1 AIRFOIL= 3.3631
AIRFOIL=2.5937 Cd AIRFOIL=-O.0763

F: ure 25. A poiait vortex used to simulate a slotted flap. Vortex increases c. of
airfoil at ar =150 from 2.59 to 3.36.

its simplest i.;rm. It comes from the same computer graphic setup as used for Figure 24. Here the vortex

is located directly below the trailing edge as sketched. If it represents a slotted flap the sign of the
vortex circulation will be as noted. This flow effectively places the trailing edge at a high angle of
attack, and if the Kutta condition is still met the circulation must increase. The effect is very little
different trom deflecting 3 smrall plain flap on the isolated airfoil. In that case the onset flow would
be approach;.ig the rear of the airfoil at a considerable angle. But in the case of Figure 25 we did not
turn the trciling edge; 4nstead we used a device to turn the flow. Figure 25 shows a slightly different
airfoil from that of Figure 24, but again at the same angle o1 3ttack. The vortex has a drastic effect
on circulation, increasing c from 2.59 to 3.49. Also notice that the final upper surface velocity is
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Iscremsei 4 Idseably oer valms for the isolated airfoil. @e of the additioml velocity camei
by ading the vrtex to the greeal tlamsla a l flwl. the airfoil dischars Mody laye at the
trailiq edge into a stri tiat is locally ef higher velocity. This is the "dopiw effe" abort
wich more wilI be said later.

rf

Fig-ire 26. Airfoil - circular cylirder combinations studied to learn effect of obstr--cticn
on circulation.

Any method that causes the onset flow to be at greater angle of attack near the trailing edge will
increase the circulation. An obstruction properly placed can be a powerful control of the circulation.
Figure 26 shows a system studied. Tio circular cylinders of different diameters are centered on a ray
frou the trailing edge as shown. The gap is 0.l chord. The angle of the ray, 9 , was varied from 00
to 900. The lift on the airfoil and on the combination ws calculated. For the case where the cylinders

3.0-

I .-

30 3

-AIRFOIL + .7WE
- - -AIRFOIL C OWhENT ONL.Y DO025

ý'2 50-0s

o 0 . 0.g

/•---A•• moer ~ -,- -

""/ o.os

0o 0 15 0O05 0 I0 30 60 90

a - DEGREES e -DEGREES

Figure 27. c. vs. a curves for airfoil-cylinder
combinations, showing strong effects on
circulation. Figurp 28. Airfoil - circular cylinder combinations.
0 of cylinder( cf Fig. 26) = 0' Effect of a , 0 and diameter on lift

coefficients.

.1:-



are- h ckud lime (0 = W'), Ff~we 27 sbws3 sow v Iuts- Si~tificast imormses im lift are iwdicate..
e W this 9 etry is far from Wgg tIte Wst famaf le. ;ip"e 2 sOS• th1e efferts me CMlte'ly

and also imlicates fte n•vt fmrable esitica as &m7 0i , SiM M hi ir s tae abrissa. insto ! a-
ike =t effertive psitiam far the cylisir is see to be a t 9 - 6W • r AV- At IV a"lse of attaa
tie lift czefficient fir te isolaed gvfoil is ca = 133. -iti the 0.50c ciromlar cyjimr set at
6 - W% c, - 3-35, uarly duble.. Oiete effoct is vey omat- Figire 26 is *00W5 wt = sr'.

- a~ r5 that this nt effote pesit~ is s•iti~ar to te p•Siticw fi• amst effertive far airfoil-
slotted flap and slat embirfaties.
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Figure 29. Pressure distributions at c, = 15 for airfoil-cylinder cobir.etions. * - 60'

Figure 29 shows pressure distrioutions for the cares 0 = 60' , and with -, held constant at 1.5.
The corresponding a values are noted in tie figure. Feak values of velocity at the nose are consider-
ably reduced by the cylinder. If the pressures were plot--ed in canonical fore the ones with the cylinder
would appear considerably more favorable. Velocities at oT975c are noticeactuy ins.reased by the cylinders.

Tl'- fo.i-la for vW-rity on the surface of an isolated circular cylinder is q/u. = 2 sin 8 , where
je is -sale foan the nose. ,- " -.' "he coporient of flow that is normal to the airfoil nultiply by
cosP, so !.:,it (q/u, )noral = sin 2$ - The maxi=u= of this value occurs at less than 0 = 60' but is

close enough to indicate that a qualitative understanding of the effect of an cbstacle on circulation
can be gained by considering the crossflow induced at the trailing edge.

Another aid in thinking auout this problem of affecting the circulation is to con;ider the rear
stagnation point in non-lifting flow. Without the circulation component of the complet;, solution, for
combinations such as that of Figure 26, the rear stagnation goint wi'l be on the uppuer s'irface sme dis-
tance ahead of the trailing edge. The further it is moved foniard by any means, the greater the circu-
lation required to move it to the trailing edge. These two guidelines - crossflow st-ength and non-
lifting stagnation point location are the best that can be proposed as a means for un-.lersUnding and
designing to maximize circulation. There are too many interactions to really isolate factors. For-
tunately, accurate multi-element airfoil analysis methods 0 re available, togeaier with i.uich experience.
But perhaps factors such as discussed here will help in endeavors +o improve design.

The reason augmented circulation is desirable needs discussion, in numerical airfoi: methods
of the Douglas-Neumann type the complete solution is a linear comoinatian of three fundamental
solutions which are shown in Figure 30. Because of the small rA4 ius of the leading edge, local
velocity ratios in this region are very high indeed for both the 90' and circulation solutions.
A positive lifting circulation is shown in i-gure 30. It is clear that its disturbance velocities
add to those of the 90' solution for poýitive angles of attack. For an ordinary airfoil, ieveloping
more lift requires increasing the angle of attack. But in the process more of the 90• solution
enters into the sunmnation. how ;f the airfoil nose can be kept at low angle of attack, a gain will
be made if circuiation can be produced by some means other than pitching. A plain flap does this
effeLtively, besause wrnen deflected a considerable cross flow component of the onset velocity exists
.t the trailing edge. The vortex or an obstacle near the trailing edge has the sane effc:t. To
aviid nose peaks the nose should be at a slight negative angle in any real design so that the
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9. CIRCLILATION
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Figure 31. Pressure distribution on three-element airfoil formed from three X4ACA 632-615
sections, arranged as shown. All are at the same angle of attack, 10'.
Shown also is the pressure distribution on the basic simple airfoil at
10' of attack.

Figure 31 firther iliustrates interaction effects. Three airfoils, all at the same angle of attack
were placed together as illustrated. A connon angle of attack was selected in order to display bett-r

the interference effects. The slot gaps were 1 percent of local chords. The pressure distributions are
affected tremendously. In addition to local cross flow effects at the trailing edges there are global

effects. On each airfoil circulation is as sketched in the upper part of the figure. The rear airfoils
then induce more upwash on the front a~rfoil and the two front ai foils in turn inouce more downwash



amtte reet. the froat bewme very beavly lIfd Mhe rear very ligftly leaded. and tfe center
start-cirw~itimg of Mfe 'Nift- lTat effect a~paretly c~e exist 'iree' the elesvezs are Not rcer ypositicmfed- Observe Mhe 6ropoff. im presswre mear tie slots- it is imteretieg to note tiat at 10'

sTrosanin f nerato obetyetue- sails emtesi~ba.A i a urisailba*a crrecm bengtwee toe an sla-ie

caibinatica- A useful and wery imte-ronti-ag stodl of the problem has been made by A- E- =11t7]-
5y using the electrical asioral~ tec~ftiqe and com¶6tiartg paper, he greatly clarified this lang ture
puzzle to sailing people.

5.3 -abe Omping Effect

Closely related to tire circulation effect is th~e dwmpiaq effect- Ike favorable interference of a
dowstream e-uemet. icftres cross nlow at tbhe trailim; edge which. er ces the circulation. Bust the
interference also increases Telocitizs in a tangential direction so trat tMe flow fromr a forward element
is discharged into a bigher welocity region, thu~s reducing prE.s're recovery deurnds- This is an effect
that is qaite favorable to the boundary layer. It was acticisrated in Frigare 12, where it was shown
that for the sam~e canonical pressure distribution increased d~ping velocity vuald ;ermit signiificantly
increased lift.

Doms this effect really exist? Thre answer is joes indeed, It can be seen in a'r, properly desigred
wrlti-eleiient airfoil. It -0s also clearly shswmi in Figure 29 and values are tabulated in 'I!e right
land coljmns- The &aupirg velocit,- is nat a p~recisely defir~ec quantity. It is the effective firal
velocity on the suction side of the airfoil with bc-zodery layer taken into account- It cannot be at the
very trailing edge because there the velocity is always zero, if the flow is irmiscid and the trailing
edge is finite. Velocities- at about 997 percent chord woculd be- a typicil place to determinre the value-
Discharge velocity is probably an equally ac,-urate ternr; so is recovery velocity- Trailing edge velocity
is rot- Effective trailing edge velocity- would t.e suitable I--t it is a cuberscce ter.--

S For the RAEL 101 airfoil with the circles, Figure 29. the duping velocity ratios sqejared for
airfoil alone, airfoil plus S-25c circle and airfoil plus 0-50c circle are 0.88. 1-1472 and 1.1855
respectively, a change of 35 rercent. Figure 3-2 based on Figure 12 of Peflerence 18 showrs the effect for
a slat. On the nrain airfoil th-e duinmprq velocity squared is about (0-85)- On the slat it is atiout (2-35)-

13004

JC IPPERt SURFACE. A1W03L WITHOUT SLAT

ii 
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o2~:I -Lo.R S 085

40 500 0 30 ý 60 70 qiO 90 100

PERCENT CHORD

Figure 32. A typical theoreti..al pressure distribution for a two-ieleent airfoil, corrected
for the boundary layer. The durrping velocity is denoted by the arrows. Als'i included
is the canonical pressure distribution for the upper surface, as well as pressure
distri'~ution for the ma i. airfoil alone. The latter exhibits clearly tha favorable
effect of a slat, ar = 3.15', c =1.45 for 2-ele'-ent airfoil.
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This iact %;Aplains hi slats can carry such high loads. The reason is shown more clearly by the
canonical plot in Figut' 32 which shows that the slat has a slightly less severe pressure distribution

-in -he in airfoil, in :oite of its very high loading.

4.0 6 - i3RNA T
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Figure 33. A typical three-element airfoil, showing dumping velocity effect. Arrows denote
dumping velocity. NACA 23012 airfoil, a = 80. Line marked trailing edge level
is trailing edge dumping velocity divided by maximum velocity on main element.

Figure 33 shows a typical three-element airfoil. Again the dumping velocity effect is clearlyexhibited. The canonical plots indicate that the main airfoil is less severely loaded than the slatand flap. These results are typical. Any properly designed multi-element airfoil shows the effect.

It is interesting to conjecture about what might be done with this effect if an inverse design
method for multi-element airfoils were available, and assuming the complete inviscid airfoil require-
ments permitted. Start with some desired pressure distribution. An example is shown in Figure 34

I12

30

6

4 BASIC
-AIRFOIL

VELOCITY
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2 DUMPING VELOCITY ii1x BASE BASE
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0 1 L 11 VLOCITY
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Figure 34. Illustration of compounding of lift 'y using multi-elament airfoils. For
illustration the factor m is \T-_5.
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for a kwathetical three-elemet airfoil. The base airfoil is Oan plotted for the fll chad emgth.
T•me svpose a tirree-enaPt airfoil vas scft tVat had this sawe cannical presse distribtiom as
eha of twt thre elemts. FWrteire assmre tat the rear elemte idaces a dmping velocity ratio

(%o. )' o 1.5 on the eleeat in§iately farvard. ecamse this ce:W el, - cas have hioer
cioatio it skold imce es greater effects am the front elmet. Assme the im•1ed velocity
ratio is the same for each elmte . (wbick is a bold ass3optica) wit% rcspt to its van elocities.
les the presswre distribmtia. for the ttree elements of Figae 34 is as sketcreL The load carried

is far reater Om that of te single element airfoil, yet the far iadivi~dl cmpical presse
distribatioms are all the save- The effect is readily quaztitized. It stall be &-t only for a three-
elmtPi airfoil but the analysis is easily generalized. Let

c = c of the ensemble

ftc = ch of rear airfoil. the flap

fic = chard of secoz or cemter airfoil

f.c = chwrd of front airfoil, the slat.

Then for three elem ts f I f 2 * f 3  L. Also let

mr2  = owificatior ratio for velocity at trailing edge of second
elOFnt due to being in the high velocity field of the nose
of the rear element, element L.

v3 = manification ratio for velocity at trailing edge of third
eleniet due to being in the high velocity field of the rose
of the second elemt.

The lift coefficient is c, for the giren base pressure distribution. Then for the rear element,c1

ignoring pressure-side effects, the suctiom-side lift is flc~l. On element 2 the .pprent wind speed

over the whole element is greater by a factor ence for this element the lift is f 2c 1  .2

For the front element the apparent wind speed is increased b, a factor =3. But the c'nter element has

already been i-creased by a factor ar " Hence on elevenr 3 the lift is f 3 (n2 n3)L c,,. Then the lift of
the ensemble is

cz = flcz1 + fZn 2 cl f 3 (o 3 ) 2

and the ratio is
Sc 2 2 (16)

- f1 + ff12  + f 3 (an 3 )
c~l

Fo- the exanple of Figure 34 fl = .30, f 2 = .55, f3 = .15. Also n2 = '3 = .1.5. Then using (16)

Cl c.l = .30 + 1.5 (.55) + 2.25 (.15)

= .30 * .825 + .338 = 1.463

i.e., a 46 percent gain, with no greater tendency for separation than on the base airfoil. The effect
definitely exists, but where real design is considered many more factors enter, so that the complete
problem 's not nearly this simple. How nearly the above relations could be approximated with real
airfoils is a challenging problem for inverse airfoil theory.

5.4 Off-the-Surface Pressure Recovery

This effect has already been discussed in Section 3.4 Without assistance of this effect, bounary
layers would often be unable to meet the entire pressure rise requirements. As an example consider
Figure 33. On the main element the pressure recovery demands are not great. But the flow from this
element moves along slightly off the st.rface and must pass through pressures nearly as high as at the
trailing edge. If it were in contact with the surface, as for a simple flap, it is doubtful that tl-e
trailing edge pressure level demands could be met except by off-the-surface pressure recovery. lo
verify this conclusion compare the canonical plot in Figure 33 with those of Figures 8-11.

5.5 The Fresh-Boundary-Layer Effect

On each element of a proper'j designed multi-element airfoil the bourdary layer starts out fresh.
Here it is merely enough to identify and mention this fact, for it is well known that thinner boundary
layers car sustain greater pressure gradients. Such measures of separation as Stratford's criterion

1/2 1/10

Cp(L-x 0.39 (106 Ro)

indicate explicitely by the factor x the effect of thickness of the boundary layer. Figures 7,8,9,10,
11,13, and 14 show the effect 4r. more detail. It is clear 'hat breaking up a boundary layer into seve-al
thinner bo ndary layers is favorable to the delay of separation.
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Sly this time it should be cleair that a slot does not act like a source of high eney air as in
blowing bomdary layer control. In the inviscid region it has the same total head as all de rest of
the inviscid strewm- Indeed it has higher total head than the boumnary layers on either side of it,
but it is improper to state that the flow threo a slot energizes the boundary layer. A boundary
layer is always flowing adjacent to an inviscid strew and in an ordinary single elemet airfoil we
itever say that the inviscid strew energizes the boundary layer. The principal effects are that the
upstrea elePPt reduces peak velocities on the domstrem elewent ard in reciprocation the domwstrem
01ament increases the lift on the upstrem eleft -a sort of 'you help me and I will help Zou"

Can a tuo-elent airfoil develop more lift than a single elment airfoil? lie shall attmpt to
show that it car,. In order to realize *te pressure distributions censidered, a two-elment inverse
method would be necessary. Unfortzw;,.A. that is not available, although WIlkinson's method [19] is a
good step in that diection. J ae

1. The lower surface plays ,:"a weak role, so that it is only necessary to consider
the suction surface.

2. Reynolds number effects are wak, which they are at large scale. Hence the lift
attainable on an airfoil whose chord is unity is no more nor no less than the lift
attainable on two of the same airfoils whose chords are 1/2.

Consider Figt,-e 35. Let A B C D E be the pressure
distribution on the upper side of an airfoil of
chord A E. Assupe that this distribution is some
kind of option. The optimum load distrin.'tion is
determined by boundary layer considerations.

- xHence this same load distribution could be applied
twice, to two 1/2 chord elements as loads
A C' D' E" and E" B" C" D E. The sum of these
two areas equals area A B C D E. By proper inverse
nethods shapes needed to develop the two pressure
distributions can probably be found, although
this point is a weak link in the proof. Now the

S8" c, basic dumping velocity squared is E" D' = E D.t On any properly designed multi-elemnt airfoil

the flow off the trailing edge of a forward element
always discharges into a region whose velocity
ratio is greater than unity. Hence for the front

(~ element the modified duwpilg velocity ratio
squared is E" F. Two cases now arise:

Case A - there is a limit to the maximum velocity
that can be attained.

F Case B - there is no Himit to the maximum velocity
ratio that can be attained.

Lcnsider Case A first. Perhaps the velocity limit
A . E1. local Mach number. Because velocity E" F> E" 0'

'A-• 11, start of pressure rise can be moved back from
".e point C' to a point G. Now area A B G F E">
F 3r C' D' E", which proves our case. Next consider

Figure 35. Load diagram for proof that a two- 0C:e B. If dumping velocity of the forward element
element airfoil can develop more iý increased from E" D' to E" F the entire
lift than a single element airfoil. venocity distribution can be scaled by the ratio

&; the two. We obtain area A H I F EV. Again,
ar.J even more strongly area A H I F E">A B C'D'E".
Q. ý D.

r It is not necessary to the oroof that the two elemeots have equal chord. Furthermore by the same
arguments three elements could be shown to be better than two. Only if velocity D E reduced enough to
compensate for the increase D' F would a gain fail to be rpde. This is highly unlikely, although the
ultimate test must be through inverse airfoil theory.

This paper began by stating that much can be learned atout maximum lift by using the tools for
analysis that are already available. The statement is beliz 'd to be confirmed by the work just present-
ed. However, many interesting questions arise, which to an:wer require new or extended methods of anal-
ysis. Some of these are wakes in a pressure gradient, conf e,,t boundary layers, accurate inverse methods
for multi-element airfoils, and flows with partial separatior. Remarkable progress on the problem of
design and anal)sls of multi-element airfoils nas been made, t,0)t ,•ich still remains to be done. For
fully attached low-speed flow the maximum possible lift coeffi.: ent has been found ad the necessary
shape has been calculatee. What is the maximum possible lift coefficient and the necessary shape for a
two-elernent? a three-element? a four-element? a ...- element airoil?
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COMMENTS ON PAPER 10

prepared by
Prof. Dr D.Kuchemann

Royal Aircraft Establishment
Farnborough, U.K.

and presented by
Dr R.C.Pankhurst

Royal Aircraft Establishment
Teddington, U.K.

Prof. Kilchemann has asked me to convey his apologies and great regret at not being able to attend this meeting.
He has, however, prepared several comments on Mr A.M.O. Smith's paper which I shall present on his behalf. In
doing so, I should like to pay my own tribute to the paper for its depth of understanding, and to the way in which
it disposes of several half-truths of long standing, as well as to its great relevance to a subject of vital importance.
With Prof. Kilchemann I welcome the emphasis placed on the design problem, and the manner in which the paper
provides liberation from a heritage of reliance on empirical data and trial-and-error procedures. The approach to the
design problem is, moreover, in line with that advocated by Prof. Kfchemnann himself and followed at the Royal
Aircraft Establishment: some of this work is to be described by Mr Foster in the next paper.

Prof. Kiichmann's first point concerns possible effects of viscous layers. These are considered in detail in Mr
Foster's paper (especially for the case in which boundary layers and wakes do merge after al',); but there is also an
inviscid-flow effect that occurs when, for example, the wvake behind the main aerofoil passes, downstream above a
flap, even when the wake does not touch the flap. The wake then introduces a nonuniformity into the stream;
and in such a stream (inviscid but non-uniform) a body experiences a lift force which, compared to that in a corre.
sponding uniform stream, always tends to be directed towards the region of highest velocity or total pressure. In our
case, therefore, the induced force is directed away from the wake. Hence the lift on the flap will be reduced by the
presence of the wake from the main aerofoil., even if viscosity is ignored. This effect may well have to be taken into
account in a complete design method. Some theoretical background already exists, supported by experimental
evidence; for example, the general problem of non-uniform flows has been treated in a paper by Ruden'.

Prof. Ktlchemann's second point concerns threedimensional effects. These have not been considered in the
paper, but the present work should surely be followed up and extended to threedimensional wings. If one follows
Smith's approach and uses the three fundamental solutions for caklulating the flow, as shown in Figure 30 of Paper
10, then one must expect that all three of these will be strongly influenced by the effects of the central kink on
swept wings and of the wing tips. For a kink section, even the first-order solutions differ significantly in all three
cases from those obtained in twodimensional flows. This means that fundamental differences must be expected and,
in particular, that the resulting shapes for given pressure distributions will differ from those that can be calculated
now for twodimensional multiple aerofoils. This presents us with a big problem. Of course, the design principles
stated by Smith still stand and should be applicable also to threedimensional wings.

In the same context, it will probably :.lso be necessaiy to take compressibility into account,, even at these low
speeds. This wi;l be especially difficult on threedimensional wings. We have now found that the ordinary com-
pressibility factors are not good enough in the regions where the threedimensional kink effects matter. It seems
that we shall have to make do with empirical factors. But these must be different for the different terms involved
there will be different factors for the first-order and for the second-order terms and also for the twodimensional
terms and the threedimensional terms. We must therefoie have a calculation method where all these different terms
can be identified so that the different factors can be established and dpplied' there is not likely to be a single coin-
pressibility factor which one could apply to an overall answer such as that obtained by a panel method. So even if
A.M.0. Smith's method could be extended to threedimensional wings, more work would need to be done to determine
the pressures in compressible flow. Perhaps, for instance, A.M.O. Smith's approach might be combined with the RAE
Standard Method.

Prof. Kuchemann's third point is concerned with the effect of vortices as discussed in connection with Figure 25
of the pa'er. These effects are quite real and can be demonstrated in practice. For example, the flow field of a

line vortex can be produced by rotating wing about its lateral axis, as Maxwell has shown in 1853. Since then, the
properties of rotating wings have been studied by many people (like Riabouchinsky, Joukowsk; and von Hoist) and
by Prof. Kuchenmann himself about 30 years ago. Figure I shows measured values of the maximum lift coefficient
for a wing with a rotating flap as a function of tfe ratio of the circumferential %elocity of the flap to the velocity
of the mainAream. This confirms all the concepts put forward by Smith. The overall lift depends on the position
of the flap, and positAon 2, which was calculated to bc on ,li optimum line, did indeed produt-e the highest lift.

-),,
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- That the maximum lift coeffirient was not higher than about 3.8 was a consequence of flow separation in the
junctions with the endplates used in the test and cannot be blamed on the rotating wing. These matters were
discussed in a subsequent paper by L F. Crabtree2 , and a theory for the flow past a twodimensional aerofoil with
rotating flap has been pr ided by S. Neumark3 .

Just for completion, and since we are talking about high lift achieved by mechanical means, Dr Kichemant's
-zcond figure shows the lift and drag measured on a rotating wing by itself in the second slide. He comments - I
suspect somewhat lightheartedly - that if anybody wants a lift coefficient of better than 12 and does not mind a
drag coefficient of 10, then this is one way of achieving it!

Altogether, A.M.O. Smith has again given us much to think about, and it is to be hoped that his advice,
together with the results described in the next paper will be duly heeded and will lead to better aircraft.
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THE LOW-SPEED STALLING OF WINGS WITH HIGH-LIPT DEVICES

by

D. N. Foster

Royal Aircraft Establislment, Farnborough

SUMMARY

The paper commences by considering the mechanism of the stall of wing sections vith high-lift
devices such as slats and slotted flaps in twodimensional flow, showing the similarities to the stalling
mechanism for single aerofoils, and the differences which arise.as a result of the close proximity )f the
multiple lifting elements of the wing section to each other.

The effect of sweepback is discussed for -m infinite sheared wing and for a finite aspect ratio

wing without high-lift devicea. The effects of practical features such as part-span flaps, and flap and
slat support brackets, are then illustrated by reference to flow patterns measured on a swept-back wing.

Further experimental results are considered in order to demonstrate the effect of variation of
Reynolds number and Hach number on the developmept of the stall and on the forces and moments through the
stall. These results indicate the need ior a f.cility in which these factors can be varied ,ndependently

over a wide range. The paper ends with a discussion of the design of iuch a facility, the R-= 5 metre
wind tunnel, and of the design of the models to be tested in it.

NOTATION

b span of wing R- Reynolds number based onmean chord
c chnumber basedseonimean

c chord of wing section .R c Reynolds number based on local chord, defined
c chord of wing section with high-lift normal to mean sweepdevices retracted

Smean chord of wing s distance around contour of wing section, from

Cf skilL friction coefficient stogna'icn point
t maximu- rhickness of wing section

CL lif, coefficient V.o free-stream velocity

CL lift iefficient in equivalent two- x distance along chord line:from leading edge
dimen anal flow of aerofoil section

C Lmax maximum value of lift coefficient y distance along span from centre line of wing

C pitching moment coefficient a angle of incidence
m angle of incidence in equivalent two-

C pressure coefficient dimensional flow

P Mach number angle between chord line of slat and chord
a line of wing

1 INTRODUCTION

The stalling of swept-back wings with high-lift devices can at best be described as imperfectly
understood. The lack of methods for predicting the onset and development of the stall, and the
inadequacies of existing low-speed wind tunnels have led, on the one hand to the necessity of expensive
and time-consuming flight tests in order to achieve acceptable stalling characteristics and, on the other
hand to designs which, by showing satisfactory stalling characteristics in a conventional low-speed wind
tunnel, do not realise their full potential under full-scale conditions.

Whilst the time at which a useful prediction method will be available is still a matter for

speculation, some advances in the understanding of the'mechanism of the stall have recently been made.
These have resulted from careful experiments in both twodimensionall and threedimensional flok, allowing
the stalling of a wing section with'high-lift devices to be related to the stalling of the plain wing
section, and the stalling of a swept-back.wing with high-lift devices to be related to the stalling of
the plain swept-back wing. The results of these experiments are discussed in this paper and, where
possible, mention is made of calculation methods which may ultimately be synthesis ed to yield the
desired prediction method.

A better understanding has also been obtained recently of the perforrance required of a wind tunnel,
if it is to be a satisfactory aid to the development and understanding of acceptable stalling behaviour
for swept-back wings with high-lift devices. The design of such a wind tunnel, and the'design of the
models to be tested in it, are also discussed in this paper.

2 THE STALL 1N TWODIMENSIONAL FLOW

2.1 The single aerofoil

As a basis for the discussion of the mechanism of the stall of wing sections with high-lift devices,
the classical classifications of the single aerofoil stall will first be discussed1

. The stall is
characterised by flow separations occurring on the upper surface of the aerofoil, and the three types to
be described are illustrated in Fig.l. This shows typical variations of 1,ft coefficient with angle of
incidence, together with the upper s.irface pressure distribution, and the upper surface flow, at a lift
coefficient just less than the maximum value.

107
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On very thlck aerofoil sections, where a rounded suction peak first appears at about 1OZ chord and
with only moderate adverse pressure gradients over the forward part of the chord, the turbulent boundary
layer, will separate near the trailing edge. As a result of the increasingly adverse pressure gradients
the separation point vwii move forward as the lift coefficient increases. The corresponding curve of
lift coefficient against angle of incidence exhibits a rounded maximum, type 1 of Fig.l, this being the
rear or trailinf-edge stall. When Reynolds number is increased, the maximn- lift coefficient may be
increased due co thinning of the turbulent boundary layer, without any marked change in the stalling

behaviour.

On very th~n sections, separation of the laminar boundary layer may occur before transition to a
turbulent boundary layer. Transition will then occur in the separated layer and the resulting turbulent

layer will re-attach to form a long bubble (say 2Z to 3Z of the chord, on formation at low angles of
incidence). As the angle of incidence is increased, the bubble extends reareards until it reaches the
trailing edge, anC then extends beyond the trailing edgc. During this process the gradient of the lift
curve decreases sLeadily and a smooth naximum again results, type 2 of Fig.l, this being the long-
bubble or thin-aerofoil stall.

For moderatel) thick aerofoil sections, laminar sepaiation may agcin occur, but now the turbulent

layer re-attaches in a very short distance (less than 1% chord) tc form a short bubble. As the angle of
incidence increases, the pressure decreases in the bubble, and this is accompanied oy increased curva-
ture, which in turn implies a shortening of the bubble. At some critical lift coefficient this bubble
bursts by a failure of the turbulent shear layer to re-attach, and the lift curve has a sharp maximum,
type 3 of Fig.l, the leading-edge stall.

It has been found2 that some aerofoil sections of moderate thickness can change their stalling
characteristics from a ieading-edge stall to a trailing-edge stall with increase of Reynolds number.
Further, a range of Reynolds number may exist for which the characteristics of both types of stall
(1 and 3) are present, that is, a laminar separation bubble and separation of the turbulent boundary
layer ahead of the trailing edge. Under thece circumstances the maximum lift coefficient may be defined
either by the bursting of the leading-edge bubble, or by the forward movement of the rear separation
point, this movement being accelerated by the thickening of the turbulent boundary layer resuiting from
the eiistence of the laminar separation bubble. This type of stall is sometimes knovn as the combined
stall.

3
Jacob has recently considered the trailing-edge stall, and has extended the surface singularity

method of Jacob and Riegels
4

, for the calculation of the potential-flow pressure distribution, to include
a separated region ahead of the trailing edge. This is simulated by a source distribution on the upper
surface of the aerofoil, between an assumed separation point and the trailiag edge. A pressure distri-
bution is calculated from the basic unseparated pressure distribution for the given angle of incidence,
with allowance for the source distribution, and the development of the boundary layer over the upper

surface of the aerofoil is then calculated, to ascertain whether the boundary layer does separate at the
assumed position. If this is not so, other separation positions are considered, until the process con-
verges. By repeating the calculation for a range of angles of incidence, a curve of lift coefficient
against angle of incidence can be constructed which has a form similar to type 1 of Fig.l, and a maximum
lift coefficient can be determined. For an aerofoil such as the N;ACA 2412, Jacob

3 
has obtained very good

agreement between the experimental and theoretical variation of the maximum lift coefficient with
Reynolds number.

Crabtree 5 has discussed the flow around an aerofoil with either a short or a long bubble, .nd has

shown that a method due to Maskell can provide P good estimate of the pressure distribution over an

aerofoil with a long bubble. The contour considered in this method consists of a constant pressure
boundary, assumed to extend as far as the maxinum thickness, followed by a constant displacement thick-
ness up to the trailing edge. In contrast, C abrree shows that the short bubble results in only a very
small perturbation, in the region of the bubble, to the pressure disiribution corresponding t. thE cortour
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The second novel feature of the flow is the mixing of the wake from the wing and the boundary layer
on the upper zurface cf the flap. Experiments7 have shown that for pos.idons of the flap for which the
wing-flap combination yields optimum aerodynamic performance the interfeience betsween the wake and the
boundary laYer is comparatively weak, w.t0 the two viscous layers retaining their separate identit~es
almost to the flap trailing edge. Theoretical calculations fir the inviscid flow around the wing and flap,
using tle method n( Hess and Smith 8, suggest that the presstre dist. ibution over the flap varies only
slowly with angle of incidence. Under conditions of weak interfez-ne from the wake of the wing, the
development of the boundary layer on the flap upper surface, and the p~sition of separation of this
viscous layer, might therefore a'so be expected to be almost invariant with angle of incidence.

In general, ther~fore, the stall does not occur as a result of the effects of the viscous layer above
the flap dpper surface, but as a result of d breakdown of the flow over the upper surfaze of the main wing.
Since :here is a simple boundary layer on this surface, the mechanism of the stail will be identical to
one !. the mechanisms described above for a sirngle aerofoil. Fig.2 also gives a comparison of the pres-
sure i~istribution on the 4ain wing and flap with that on the basic section (flap retracted) at the same,
angle of incidence. The adverSL pressure gradient over the rear haif of the wing kipper surface, whcn tile
flap; is deflectt-nd. is simiilar to that for the basic section, nut tile adverse pressurc gradient. just down-
stream of the leading edge is much increased. Thus it is to be expected that there will he a tendency for

V ~the flapped winj: section to exhibit. a leading-edge stall even if the basic section has a *,railing-edge
stdli. As for the combined stall of th.- single aerofoil section ccnsiicredac0 - .1 cal~ulation prccedurc
based on iirton's iicthodJ6 for tile (iCIC tion of bubble hhrsting could, in print ipie, be1 IlSed to predict tnt

*stall of the .ing-flap combinat ir-i , prov'0di that. a si ztahle mnetnoda can, bc des iqcd ',,- allo for tn( prt -

sence of the witiz .;akc, -- heni -0 ulatioig tnti presqure d.ýzr-.hution over the !lIa.
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A w.ing with a leading-edge slat =ay stall either as a result of a breakdoun of the flow on the
upper surface of the slat or a bveakdoun of the flow om the upper surface of the =3in wing. The surface
on whiich the breakdow.n does occur is determined by the geom-etric position cxi the slat relative to the
wing, and is most readily illustrated by considering the effect of varying the angle of the slat to the
wing chord line. Fig.f. shows pressure distributions on the slat an-i leading edge~ of the vz&i~ for three
slat angles. It can be seen that for the sm-allest slat angle the pressure gradients around Vt.e leading
edge of the wing are very mild, but that there is a very strong adverse presstce gradient on the leading
edge of the slat. This suggests that at this slat angle the slat will experience a leading-edge stall.
At the highest slat angle the adverse pressure gradients cn the slat upper surface are cjomparatively
mild, but there has been an increase in the peak suction pressure coefficient on the main wing. in these
circumstances, it is probable that the flow will b~reakdown on the upper aurface of the wing.

There will again be the possibility of either a leading-edge or a trailing-edge stall for the flow
on the main wing. The flow around the leading edge which will exist if there is a leading-c ~ge SLall
will be similar to that for a single aerofoil, as it is unlikely that at the position of laminar separa-
tion there will be any mixing of the wing boundary layer and slat wake. However it ',as been noticed in
experiments into the flow over a slotted flap 7 that, even if there is no nixing, the presence of a tur-
bulent wake may induce an early transition of the boundary layer. This could therefore reduce .he
possibility of a leading-edge stall. The effect of the interaction of the wake froL. the slat with the
wing boundary layer must, however, be included in any consideration of a trailing-edge stall. Fig-5
shows the values of the skin-friction coefficient on the upper surface of the wing for Var..Jus Slat gaps,
as predicted by an extension of an integral method for calculating the sim~ultaneous developzent of the
boundary layer and wake10 . In this figure the initial characteristics of the slat wake and Lhe pressure
distribut-on en the upper surface of the wing have been held constant, in order to isolate the effect of
the izlter3ction. in practice both would vary slightly as the gap changed. It can be seen that when the
sl..t is closest to the wing t'smallest gap) the interaction causes the flow to separate from the wing
surface (skin friction equals zero) nearly 107 of the chord ahead of the position corresponding to the
largest gap, for which there is no interaction as the layers do not merge. This interaction is therefore
an additional faclor in the consideration of a trailing-edge stall and any calculation =ethod desi,,ed to
predict the stall of a wing with a leading-edge slat must take account of it.
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an ti na rslt the layer seaating at a lower lift coefficient for. the seared wing tha for
tdine--,sional flowr. It is also passible tha•t the different chaactr of th.aefo h ltado
the bondx layre. c the -wing' zszld increase the seer.icy of the intera'- ti " between the, and as ig..5
snus, result in a fot--ard :•-e~et of th position of separation of the vicu layer on the e
surface of the" wing. T-s ---eiiisc"" the" nec-aia of the stall on the sheare wing ==ay not be differe-nt to

4 ~ that in tia~diirensio-.al flow, the wal~es of the v•xin- lift coefficein-t achiewa-hle cc the sheared wing
nay be less than is achievahle in t-.ndiren.sional flcw.

3.2 Effect of s-weephac: for a wring of finite aspec ratio

S• Y~leasurcen:ets haive recently been nade1 of the spa-nwise variation of the cherdwise pressure distri- •
S~~bntior for a swept, tapered half--wing --odel, with a full--span leading--edge slat an slotted flap, each
Shawing a constant deflection across the span. Preliw-nary anlysis of the results• suggests that the

effew.s of finite aspect ratio and sweephck are generally sinilar to those for a win.g withc'.z high-lift
devices asd with constant ca:er-shape across the span. Fig.6 i'•ustrates two of the areas of differ-e--ce
betw.een typical loadings on plane ,--sw'ept and swept-back wings. The first lies in the s~haie of the
spanw'ise distribution c-f s.ift, as an increase of s--eephack tends to be acco•-panied by a •oveenrt of the

poiino h axini--i value tow-ards the wing tip. O:n this basis alone it night be expected that the
origin of the stall would .ove tow-ards the tip as sweephack is increased. The second area of difference
lies in the shape of the chord-ise loading, w-hich varies across the span of€ the swept-bck win.g, -the
variation beco-ing nore pronounced as sweepback is increased.- The section nearest the tip then has
the highest adverse pressure gradient downstrean of the leading-edge suction pea.k, and -in terra of the
cechanisns of the stall in ti.-odinensional flow the tip region would then have a tendency tow-ar~s a
lending-edge stall. A further aspect, not illustrated, is that the thickness of .rhe boundary layer at
the trailing edge of the sw-ept-back wing tends to rise as the wing tip is approachedI'. These three
features combine to produce an increasing tendency towards a stall originating at the wn•¢ tip as
sw-eepback is increased.

In the absence of a detailed analysis of the flow over a swept-ba•k w'ing with high-lift devices,
the extensive tests of Woodward and LeanI t' nay usefully be -nployed to illustrate ho.t the pattern of the
stall of a wing section on a sEept-back Ding nay differ fron that for the saNe section iF tWodiKensional

flow. Their wing, which is illustrated in Fig.7, was designed using the RAE Standard Method 1 5 to have
identical chordw'isc pressure distributions at all spanwise s~tations at a lift coefficient of 0.5. The
w-ing section was chosen so that at the loest test Reynolds nudber (based on the chord norwal ,o the nean
.• sweep line at cid seni-span) the section exhibited a leading-edge stall, and at the highest LOS. Reynolds
Snunber a trailing-edge stall.

jcep~e~ f wep ~dtti ==~ apie ls o img it ig--I e-ies 1ecarcero
th ozaylyrO h pe ufc ftewA =I ~ fetdb h r~rrepesr rd



-Cr e
CE.

I Ir

/S

FIG. PRESSURE AID LIFT DISTRIBUTIOKS DUE TO INCIDENCE
ON SWEPlIBACK AND UHiSWEPT WINGS
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FIG.7 WING DES!GNED FOR UNIFORM PRESSURE DISTRIBUTION AT C1-O-

Detailed chordwise pressure distriburicus were measured at a large nunber of spzarise stations and
these chordiwse pressure distributions were uitegraced to yield a spanwise distribution of lift. The
do•umwash equationl for a lifting surface and its ass-vciated trailing vortex sheet, assum.ed to be planar.
was then applied to this spanwise load distribut.ion in order to derive the effective angle of incidence
at each spanz-ise station. Finally the effective angle of incidence and the nor-.al and axial force
coefficients were corbined to generate quasi-twodimansional lift coefficients. Values at four spa-wise
stations are coapared in Figs.8a and 8D with results of earlier twodi=ensional tests on the sane wing
sectionl 6 . For the range of Reynolds i.umbers shown on Fig.8a, the wing section is known to exhibit a
trailing-edge stall in twodi=ensional flow, and there is generally good agreement between the results for
the section on the swept-back wing and in t-odinensional flow, both at and beyond :he stall. In contrast,
when the Reynolds n-=bers are such that the wing section has a leading-edge stall in twodimensional flow
(Fig.gb) the post-stall lift coefficients do not bear any rese-blance to the beLaviour observed in two-
dimensional flow. The reason for this behaviour lies in the nature of the stall of the wing at this
Reynolds nu:3.-r. Woodward and Lean suggest that as a result of the leading-edge stall a vortex sheet is
formed, spr.Llging from the leading edge close to the apex of the wing, and crossing the trailing edge at
soare 702 of the semi-span. The effect of this vortex sheet may be seen by comparing the develop=ent of
the cho-dvise pressore distribution at 852 and 4'0 seni-span, Figs.9 and 10. At 851 seni-span, Fig.9,
the pressure distribution just before the stall shows a short bubble and a good trailing-edge pressure
recovery; just subsequent to the stall the upper surfac. pressure distribution is alzost constant and
has a suction level similar to that in twodimensional flow. At 40 semi-spar, Fig.lO, the pre-stall
deveoiopzent is similar, but subsequent to the stall the level of the upper surface suction is =uch
nigher than would be experienced in twodimensioival 'low, due to the presenc( cf tl'e "-Crtex sheet.

1,42
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IL can therefore be concluded that, under conditions ;; which separation bubbles =ay exist close to
the leading edge in the flow just below the stall, there .;+ unlikely to be any connection between the
post-stall behaviour of a secticn on a wing with moderate to hiilý. sweepback and that for the section in
twodi=easional flow. This situation will occur for a wing vith hoigh-lift devices if therr• is a slat
stall, cr if the main wing exhibits a leading-edge stall,
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FIG-10 VAMATION OF CHORDWISE PRIESSURF DISTRIBUTION WITH

IMCIDENCE AT 40% SEMISPAN STATION, Re=0 -51 X 106

3-3 Effee: of 7-actical feazres: ~-~ flzps =D =-: T-,s for slats ZZ& lams

oer the =ajority of sxez-ti-Xea~ aircraft zbe fnzp dzes moz swm the ubzle of the u crili
ede I- tezr=iinaes zz 2Ecm_ 75Z to 50Z of tbe iain r Te czrr-_-m~~r of liftfo e fae per

tiva- of trze wiin; to ZB:e tfa~~o~ors~sim the flCW~ arcz ZE~e wtims sectio jnst oZtbcard of
the flap tip ~zigto Sszzim a peak s=ceFprssnr ccef::zczer .izb 2 = zirm-_re zFrCcBtciing ez;:z o'

~e wl~ iin; secriecm, bczi:c tbee ccapesaziem of tbe s~zicc 7ressmre ccefficieinc zz the rrii
efte, t1hids accompammies c~e ez~irof a slar::ed fizp. :ain, e fizap aMd slzat st be ~ctffrem
zbe =aim V.=&m. Lam Cfe czse of the slat, the =' rts =_z C==Ze frcm: cE; regica of Zbe lezdm;& edge of
z~e =nigam becz~se of frve cearplez cfr-z&es of flow~ directiom uricb exist i= this reziom., it is =~likely
that the sprr cam be r=zde to lie %-:o~ll im the directicc of the flow. Ps a rezalt, %;akes are sbed
freaz the sm;orts 2=d pass c-.er tzbe m--,er smrface of zbe %4mg in close prcaimicy to tbý_e rimg smface, so
that locally the ee-.eio~cmo=: of the b aylay'er cc the irmg is szbjected to a =ore imzremse a:!rerse
imterzC~ioc.

am If. C,=22-412 cc le, CL=2-W t20?ý--

FIG.iI FLOW PATTERNS FCR A SWEPTBACK WING THROUGH THE STALL

The ef fects of these two pract ical f eatures are shown in Fig.ll, derived from surface-flow patterns
o'3,aincd by Lovell17 . A. the lowest angle of .ncidence illustrated, all the support wakes (denoted by
the heavy lines), except tha: from the most -utboard slat support, are clearly define,1 back to the wing
trailing edge and do r~ot provoke a separation. There is a small region of separated flow near to the
trailing edge on the unflapped po~rtion of the wing and this appe,?rs to originate from the wake Gf the
most outboard slat support. This region of separated flow grows sloily as the angle of incidence is
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FIG.12 SCALE EFFECT ON THE STALL PATTERN ,TRIDENT I

Fig.13 shows the variation of the maximum lift coefficient with Reynolds number, at various constant
values of Hach number corresponding to low-specd flight, resulting from this change in the development of
the stall pattern. At the lowest value of the Reynolds nurcber Hach number was found to have no effect on
the maximum lift coefficient, but at a higher Reynolds number it has a pronounced effect, the rate of
decrease of maximum lift coefficient with llach number being of a similar magnitude to that measured in
flight, as shown by the inset. Theoretically, increase of Hach number will increase the lift coefficient
on each section of the wing, but with an accompanying increase in the severity of the adverse pressure
gradients. At the lower Reynolds number, when the maximum lift coefficient is defined by a tip stall, it
wo~uld appear that this theoretical increase of lift due to Mach number is offset by a reduction of the
stalling angle of incidence, as a result of the more severe adverse gradients, to yield an almost constant
maximum lift coefficient. 1Mhen the maximum lift coefficient is defined by a root stall, as at the higher
Reynolds numbex, the effect of the increase of the adverse pressure gradient on the trailing-edge separa-
tion appears to be greater than the increase of lift due to Ifach number, and hence there is a reduction
in the value of the rmaximum lift coefficient.

These results emphasise the need to be able to both test at a high value of the Reynolds number,
probably of the order of at least 5 , 10, in order t~o achieve a representative stall pattern, and to vary
Reynolds number and Mach number independently; tests in which changes of Reynolds number were interlinked
with changes of Hach number would, if their separate effects were as above, be of no value in any attempt
to determine the perfcrmance of the 1'ing under full-scale conditions.
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A facility in which it will be possible to vary both Reynolds number and Mach number independently,
and to achieve a Reynolds number of at least 6 x 106 is currently being constructed at RAE Farnborough.
This is the 5 metre low-speed wind tunnel 2 0 , illustrated ,n Fig.14. During the design of this wind
tunnel a range of sizes was considered, and these studies showed conclusively that the cost of the tunnel
shell fell rapidly as the size was reduced. in spite of the accompanying increase in pressure required to
maintain the same Reynolds number. The present size, with a working section 5 m x 4.2 m, is considered
to be the smallest wind tunnel which will satisfy the requirement of a Reynolds number of 6 x 106 for a
complete model of a typical transporL aeroplane, of about 3.5 m span, and for which models with high-lift
devices can be built with sufficient accuracy and strength.

The wind tunnel can be pressurised to 3 bars, and has a maximum speed of 107 m/s at 2 bars. As the
effect of variation of Reynolds number and Mach number on the flow around the model could to some extent
be masked by variation of the uniformity ant turbulence in the airstream, care has been taken to ensure
good uniformity and low turbulence in the flow. To this end there is only a small change in the sectional
shape along the length of the contraction and therefore crossflow should he minimised. Model tests of
the rapid diffuser have shown attached flow everywhere, and the elliptic tubes and closely spaced fins of
the cooler will act as a small scale honeycomb. Two 1.5q screens in the settling chamber will improve
the flow uniformity and give further reductions in the turbulence level, so that in the working section
the turbulence intensity should be of the same order as that for the best of the atmospheric wind
tunnels at RAE.

The models will be mounted on model carts which essentially form the rear 9.8 m (32 ft) of the
working section floor. Two model carts will be provided initially, one carrying a mechanical balance
suitable for both full and half models, and the other a sting balance. Other carts and balances may be
added later.

Testing of models with high-lift devices often involves repeated measurements with small changes in
the configuration of the high-lift devices. In order to effect such changes within a reasonable length
of time, special attention has been paid to the problem of entry into the working sectior.. This is
enclosed within two concentric spheres, and large pressure doors housed between the spheres can be closed
onto the inner sphere, which can then be depressurised to allow access to the model, whilst maintaining
pressure in the remainder of the cir,-uit. Additionally, the working section can be rotated to allow the
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I model carts to be interchanged through the model access tube. The time required to depressurise or
repressurise the inner sphere will be of the order of two minutes, and charging of the remainder of the
circuit can occur whilst the inner sphere is depressurised so avoiding any further loss of time.

The design of the models themselves, to allow these rapid changes of configurations, presents
severe problems. For current models designed for atmospheric wind tunnels, continuous variation of the
position of say, the flap relative to the wing is obtained by a sliding or screw adjustment. Because of
the magnitude of the loads involved, such schemes are considered to be unacceptable for models designed
for the pressurised wind tunnel. At present, the only method which appears to be acceptable is to have a
set of mounting brackets for each desired configuration of the high-lift device. Even this provision of
a large number of interchangeable components may be unacceptable for a complete model with a tapered wing,
since the physical size of the flap or slat near to its tip may be such as to precl.de the possibility of
attaching the bracket by any method which will have sufficient strength and yet will allw the bracket to
be removed subsequently. It will, of course, be possible to manufacture the slat or flap and its brackets
as a unit from one piece of material. Alternative approaches, involving, perhaps, attaching the brackets
to the slat or flap by means of welding, are currently being investigated in order to ensure that the
models will be made in the most economical manner possible.

6 CONCLUSIONS

The results of the experiments in twodimensional flow which have been discussed suggest that there
is a close analogy between the mechanism of the stall for a wing,without a leading-edge device, having a
slotted flap and the mechanism of the stall for a plain wing section. This analogy may, in some circum-
stances, be extended to tie mechanism of the stall for a wing with a leading-edge slat and slotted flap,
but there may exist conditions in which the close proximity of the wake from the slat to the boundary
layer on the wing influences the mechanism of the stall in a manner which has no analogy in the stall of
the plain wing section.

The experiments on the swept-back wing without high-lift devices have shown that under conditions
for which the wing section exhibits a leading-edge stall the post-stall behaviour of the sections on a
swept-back wing is dependent on the nature of the threedimensional development of the stall, and this
behaviour may have no counterpart in twodimensional flow. Only when conditions are such that the wing
section exhibits a trailing-edge stall, and the wing has been designed so that at a lift coefficient very
near to the stall the pressure distributions on all wing sections are identical, will the sections on the
swept-back wing exhibit a stalling behaviour similar to that in twodimensional flow. Practical features,
such as part-span flaps and trI support brackets of leading-edge slats, may combine to produce a develop-
ment of the stall whi.:h is s[ :ific to the geometric arrangement of these features and to the Reynolds
number of the flow. It will then be extremely difficult to obtain a general understanding of the
mechanism of the stall of a swept-back wing with high-lift devices frow such tests.

Calculation mei•n ds are currently being proposed which will enable a prediction to be made of the
stall in twodimensiocal flow and which may ultimately form a basis for a method of predicting the develop-
ment of the stall in threedimensional flow. Experimentally, increased understanding of the mechanism of
the stall will best be achieved by the use of a facility in which the two parameters of the flow which
have the greatest influenze on the stall - Reynolds number and Mach number - can be varied independently
over a wide range, and it has been shown that the 5 metre wind tunnel now being constructed at RAE
should fulfil these requirements. When other factors affecting the stall, such as the influence of
ground proximity, or the possibility of dynamic effects due to rapid variation of attitude or ground
clearance, have to be considered, it will be essential to conduct experiments at representative values of
Reynolds number and Mach number, and the 5 metre wind tunnel will again be the best facility for such
tests.
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A SIMPLIFIED MATHMTICAL MODEL FOR THE
AMLYSIS OF MULTI-ELEMENT AIRFOILS NEAR STALL 1

by

i. C. Bhateley2 and R. G. Bradley 3

General Dynamics, Convair Aerospace Division, Fort Worth, Texas, USA

Potential-flow analysis methods, based on distributed-singularity models, are ade-
quate for the prediction of aerodynamic characteristics for 2-D multiple-airfoil systems
where viscous effects are negligible. However, for analysis and design of high-lift
systems where viscous effects dominate, potential-flow methods are not adequate. In

* order that these viscous effects may be accounted for, a method has been formulated by
"* which a solution is obtained through analysis of an equivalent airfoil system in potential

flow. The mathem~itical model for the equivalent system consists of a linearly varying
, vorticity distribution over the surface of each airfoil element and a source distribution

embedded inside each airfoil element to simulate the separated wake. The boundary-layer
displacement thickness is superimposed on the airfoil contour to form an equivalent air-
foil surface for each element. The flow downstream of a separation point is allowed to
develop as a "free streamline" flow with no surface boundary conditions. The mathematical

* model is evaluated for cases where the location of -he separation point is specified from
experimental data. The predicted chordwase pressure distributions are shown to correlate
well with experimental data for several. multiple airfoils (including leading-edge slats
and trailing-edge slotted flaps) for angles of attack near stall. Currently, this model
is being incorporated into an iterative procedure to predict the complete aerodynamic
characteristics, including stall.

1. INTRODUCTION

Analytical methods for computing the aerodynamic performqnce of high-lift systemp
near stall must be capable of treating cases where viscous effects dominate the flow
phenomena. Potential-flow analysis methods, based on distributed-singularity models,
have been successfully employed for the prediction of aerodynamic force and moment coef-
ficients and chordwise pressure distributions for maulti-element airfoil systems for
conditions where viscous effects are small (References 1-4). But the potential-flow

methods alone are not sufficient for analysis of high-lift systems where significant
viscous effects are encountered, as in the case of large incidence and/or large deflec-
tions of slats and flaps.

Of course, no closed-form solution exists for viscous flow over multiple-element
airfoil systems at the present time, although finite-difference techniques for solving
the Navier-Stokes equations seem to hold some promise for the future. An approximate
method for taking viscous effects into account for an arbitrary airfoil system is through
an inviscid analysis of an equivalent airfoil system defined from viscous considerations.
Jacob (Reference 5) has developed such a method for single-element airfoils that shows
very good correlation with eiierimental data, including the prediction of Clmax. Various
researchers (References 6 ane 7), including the authors, are currently engaged in devel-
oping a technique kor the solution of multi-componeit airfoil systems. To a large degree,
the success of the method hinges on the definiLion of the equivalent system used in the
inviscid analysis. The evolution of a simple mathematical roodel to define the equivalent
system is the main subject of this paper.

2. VISCOUS SOLUTION CONCEMT

The Convair Aerospace Division of General Dynamics has been actively engaged in the
development of a multi-element airfoil analysis and design capability for several years.
Consequently, sereral analytical techniques have been developed thaL are applicable to
the design and analysis of high-lift systems. Some of these techniques are discussed in
detail in the following sections. Guidance to the development of the analytical methods

* has been drawn from numerous 2-D wind-tunnel tests on various high-lift configurations.

IThis work was accomplished under Geaeral Dynamics' Independent Research and Development

program. Continued work is being sponsored by the U.S. Air Force Flight Dynamics
Laboratory (FXM).

2 Senior Aerodynamics Engineer

3 Design Specialist 119



A potential-flow analysis method was first developed for multi-element airfoil sys-
tems. The method was found to be extremely useful but suffered from two restrictions.
First, it did not give accurate pressure predictions for airfoils with blunt bases and,
second, it was not satisfactory for flow conditions where viscous effects were signifi-
cant as a result of either large deflections of individual elements or large incidence
of the onset flow. The method was first extended to allow analysis of airfoil systems
with blunt bases. Then, a technique that accounts for viscous effects was sought.

The resulting extension to the basic

MULTIELEMEN'-AIRFOIL method (currently under development) permits
POTENTIAL-FLOW the analysis of multi-element airfoils in

CALCULATION viscous flow. The method is based on ob-

9 Pressure Dis'aibutions taining a viscous solution for a given high-
* Stagnation Points lift system through the analysis of an equi-

valent • ,y•tem it potential flow. The
iterative cycle is depicted diagramatically

BOUNDARY-LAYER EQUIVALENT-AIRFOIL in Figure 1. The first step in the procedure
CALCULATION CALCULATION is to calculate the inviscid, potential-flow

* Transition Points - Superimposed 8 1 pressure di.stributions. The computed pres-
Seraio Cot i Simulated Separated Flow sure distributions are then used to determine

Separation Points *Pressure Distibutions laminar and turbulent displacement thickness,

- ITERATION LOOP--�- transition location, separation points, and
laminar-flow bubbles through the use of

PRE boundary-layer prediction methods. From

COMPARISON these boundary-layer characteristics, an
WITH PREVIOUS equivalent-airfoil system is next defined.

ALCULATIO ' The equivalent system is then analyzed in
inviscid, potential flow. The resulting
pressure distributions are compared with the
previously calculated pressure distributions

SOLUTION OUTPUT and, if the maximum difference is not within
"* Force & Pressure Data, (Cp. C1, Cd, Cm) specified limits, the iterative cycle may be
"* Boundary-Layer Data (8, Cf, XSEP, XTRAN) continued by calculating new boundary-layer
"* Flowi-Field Data (Cp, Velocity, Streamhnes) characteristics from the latest pressure

distribution. When convergence is obtained,
Figure 1. Multi-Element Airfoil Analysis the final pressure distributions are inte-

Procedure grated to give forces and moments.

The present paper is not intended to deal with all the details of the complete
iterative method, elements of which are still under development. Rather, emphasis is
placed on the mathematical modeling of the equivalent-airfoil system and on the validity
of the model for simulating the viscous flow near stall. The mathematical model is veri-
fied by comparing pressure calculations for the equivalent system, where the separation
points have been estimated from experimental data, with experimental pressure distribu-
tions.

3. POTENTIAL-FLOW SOLUTIONS

A method based on a distributed-singularity model has been developed for the analysis
of arbitrary two-dimensional airfoils in potential flow. Sharp or finite-thickness
trailing-edge conditions can be treated within the basic framework of the method. Details
of the method are sketched in the following subsections.

3.1 Sharp-Trailing-Edge Airfoils
The potential flow about an arbitrary body can be exactly simulated by a vortex

sheet of continuously varying vortex strength lying on th- surface. The strength of this
vortex sheet is determined by requiring the body contour to form a closed streamline. In
the present method, it is assumed that this continuous vortex sheet can be approximated

by a vortex sheet formed by a connected
TypICl Linear series of straight-line segments along each
Vorticity Distribution of which the vortex strength is permitted to

'1 'vary linearly. This model is shown schemati-
cally in Figure 2. The condition that the
body form a closed streamline is relaxed to

P'. PI , P I q, a condition that the flow be parallel to the
surface at a finite number of points, desig-
nated as boundary points in this discussion,

Corner Points located at the mid-points of the straight-
Boundary Points line segments of the vortex sheet. The

extremities of the straight-line segments of
Figure 2. Distributed-Singularity Model - the vortex sheet lie on the body surface and

Sharp Trailing Edge are referred to as corner points. If the
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vortex density at the corner points 1n determined, then the assumed vortex sheet is com-
pletely specified. It zust be emphasized that the .points should be so placed that the
inscribed-polygon vortex sheet comes as close to- the actual airfoil as possible.

The vorticity distribution of the vortex sheet can be defined in terms of the unknown
values of vortex density y at the corner points. Figt•re 2 aliso shows a typical distribu-
tion of the values of 7i over the surface of one of the elements. The linear distribution
of 71 over the ith segment can be considered as the sum of two triangular distributions
of 71 and yi+l over the ith segment, as shown in Figure 2.. Another way of looking at the
same problem is to ass-me that the influence 6f 7j is spread over the adjacent (i-l)th
and ith segments, except at the first and the last-corner points.

The velocity induced by the vortex of unknown strength 7i at any boundary point can
be found as a linear function of 7i by integrating tWo triangular distributions of 7i
over the (i-l)th and the ith segments by use of Biot-Savart's law. Special treatment is
necessary when the boundary point lies in either the ith or (i-l)th segment. The veloc-
ity induced at the kth boundary point due to 7i can be expressed as 9 linear function of
7i as

uk,i m Pk,iyi and Vk,i k,iyi (1)

Then the sum of the velocity induced at the kth boundary point due to the completewor-
ticity distribution and the freestream velocity is given by, '

N N
Uk - XPk, Ti + U!lcosce and vk - Zqk ,i 7 i + U-sina (2)

where N is the total number of corner points or unknown Ys, Ut, isi the freestream velocity,
and a is the angle of attack. The condition of zero velocity in the normal direction has
to be satisfied at each boundary point; thus, the equation is written

N
%.(pkisin6k - q-~cosok)ij U (cosasinOk - sinacOSOk) (3)

where Ok is the slope of the tangent at the kth boundary point. Let

ak,i - Pk,isinek - qk,jcOsk "(4)
bk = Uw(cosadfnOk - sinacosOk) (5)

Then Equation (3) can be wrFitten as

N
ak,i7i bk (6)

Here, ak 4 is referred to as the influence coefficient of the ith vortex at the kth
boundary' oint. An equation of this type can be generated for each boundary point.

It is apparent in Figure 2 that there is one less boundary point than the number of
corner points for each airfoil part. In order to obtain a square system of equations an
additional equation has to be generated for each airfoil. The Kutta condition is used
to generate this equation, the simplest form of which is the requirement that the net
vorticity at the trailing edge be zero. Another form, used in the present program, is
to specify a pseudo-boundary point very close to the trailing edge and to force the flow
to take a direction which is the average of thg lower- and upper-surface slopes at that
point. When this latter form is used, another equation of the type discussed above
results.

Equation (6) generated for each boundary point coupled with the Kutta condition

equation for each element can be written in matrix form as

[A] [."] - [B] (7)

and can be readily solved for Is by the use of a digital computer. The velocities induced
at each boundary point by the vortex sheet can then be readily found from Equations (2).
However, to determine the total velocity at any boundary point in the tangential direction
requires that the velocity contributed by the local vortex-sheet density also be consid-
ered. The local vorticity density contributes a velocity in the tangential direction
whose magnitude is equal to I/2(dY/dl) on the top surface and -I/2(dT/dl) on the lower
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surface. Addition of this velocity to the induced-velocity coonents already determined
yields the total velocity ut at each boundary point. Finally, the local pressures are
calculated by use of the incompressible relationship

CP - 1 (8)

The pressure distributions can be corrected for compressibility effects by the Karnan-
"-Tsien. Rule and numerically integrated to give force and moment coefficients.

Typical results obtained by the potential-flow aralysis method vre shown in Figures
3 and 4 for an N&CA 23012 airfoil with single-slotted flap and leading-edge slat. Experi-
mental pressure distributions (Reference 8) are also shown on the plots. For a flap

• a4 W a

Figure 3. Potential-Flow Results - Slat Figure 4. Potential-Flov Results Slat

and Flap Deflected 200, a - 8g and Flap Deflected 400, a = 8°

deflection of 20 degrees, viscous effects are small and good agreement is exhibited
between, experimental and theoretical pressure distributions (Figure 3). However, when
the flap deflection is increased to 40 degrees, the viscous effects become significant.
Experimental pressure distributions indicate flow separation at the flap trailing edge;
thus, agreement between experimental and theoretical pressure distributions is only fair,
as shown in Figure 4. It is to be noted that flow separation on the flap not only reduces
the load carried by the flap but also reduces the load carried by the main airfoil and
slat because "of a decrease in the total flow circulation.

TypicalLinear 3.2 Finite-Thickness Trailing-Edge Airfoils
Vorticity Distribution The potential-flow method described in

Psd B r the previous section has been extended to
* *•. Pstu• Boundaoit permit the analysis of airfoi ls with finite-•Points

thickness trailing edges. The mathematical
• •model used in the extended program is illus-

0 Cre ttrated 
in Figure 5, which shows the model to

1 ; Corner Points be quite similar to that used for sharp

* Boundary Points trailing-edge airfoil analysis, except that
*Point Source (1) the vortex sheet defining the airfoil

describes an open-sided polygon instead of a
Figure 5. Distributed-Singularity Model - closed polygon, and (2) a concentrated source

* Finite-Thickness Trailing Edges singularity of unknown strength is embedded
within the contour of each body.

The velocity at any boundary point 'k' can be expressed as

N M N M

uk P ,ili + F rk,jmj + Ucocosa and vk , Xqk i i + , skjmj + Uosinc (9)
J-1 'l "Jj=l 1 "

where Pki, qk,i, N, U,,, and a are the same as defined earlier, rkj and sk j represent
the comp4nents of velocity induced at the 'k'th boundary point by a unit source embedded
in the jth airfoil element, M is the total number of airfoil elements, and mj is the
unknown source strength.

If the vortex and source singularities are lumped together, these equations reduce to

N4M N-+M
uk = gk,iSi + Uocosc and vk - X hk,iSi + UVsinc (10)

where
Si =7 for I:iLN and Si - minN for N+15i<N+M (11)

and

1k,i Pkj for Li<N and 9k,i - rk,i-N for N+Ii<N+M (12)

hk,f qk,i 1.E32 hk,i = Sk,i-N



12-5

Satisfying the condition of taingettial flow at each boindary point gives the following

liner equatico in the tuik~aou singularity strengths:

F-Ck~ih -d9 (13)

where ck i again is reerred to as the influence coefficients of the ith singularity at
the kth 6;uniary point.

For each airfoil part there are now two less boomdary points than the umber of
unknow singularity strengths (~e more due to the unknowm source). In order that a
square system of equations be obtained, to additional equations have to be generated
for each airfoil element. This is done by specifying two pseudo boundary points, cae
each located on the upper and lower surfaces just downstream of the trailing edge of each
airfoil part as shown in Figure 5. The condition of continued flow tangential to the
last surface element is satisfied at these pseudo boundary points. The resulting system
of equations can be written in natrix form as

[A S - IN(4
These equations can be readily solved for the vorticity and source strengths fromn which
velocities, pressure, anl forces can be calculated in a manner similar to the analysis
for zero-thickness treiling-edge systens.

tThis del for the finite-thickness air-
.... foil defined above has an additional feature

in that wake boundaries are simulated by the
outflow generated by the source located within

U -Z- each airfoil. It is pointed out that the
"internal viscous wake condition, i.e., the

... velocity defect in the wake, is not simulated
"-•J through this analysis but, perhaps, could be

________________ _j approxinated by imposing velocity conditions
at certain poinuts in the wake. The typical

Figure 6. Wake Boundaries - Finite- streamline traces, shown in Figure 6, depict
Thickness Trailing-Eege the wake boundaries simulated by the method.
Analysis

The blunt-trailing-edge airfoil approach has been evaluated by comparison of coz-
puted results with experimental data for a modified NACA 64A210 section. Results for
both the sharp-trailing-edge airfoil and the modified airfoil with a filled trailing edgt-
are shown in Figures 7 and 8. Lift and pitching-moment coefficients are shown in Figure
7, where the theory is seen to predict the incremental effects of trailing-edge blunting
very well. The pressure distributions computed for a - 4.070 are seen to be in goe4
agreement with data in Figure 8.

Z4 4 _ _ _ _ _ ,

Sharp I
j.0 Theory 2.0--

Thick T.L- /, I : L' I,

1.6- T Sha.i T.L / 1.6-0
Thick T.L E /.

1.2 [s.v a,100I CcJG

cj .. -- $ •"W I f

O0 0 8 12 16 0 0 .'l -. 0 o Zo V 0o 2s o 0o 710 7 C 2 "

Alpha - Degres 
Cmc/4

Figure 7. Force Data for Sharp and Blunt Figure 8. Pressure Distributions for Sharp
Trailing-Edge Airfoil and Blunt Trailin;-Edge Airfoil,

C = 4.07 Degrees

4. EQUIVALENT AIRFOIL SYSTEM

The definition of the equivalent-airfoil geometry that simulates the viscous phe-
nomena constitutes a critical step in the iterative solution cycle. Two distinct cases
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The l roato of boumeary-layer trmstion is copue by the me da v d by
ad (Refeenc 10), whic is applicable to high Reynolds nube. The smerho relates

the transition location to the mmt -thickness Reynolds n er. In some cases aSlaminar seprtioa bc~bb]Le oc~s beor tra-sition. In this Intamc, the sham-buble
criteio of Caster (Reference 11) is employed to de vetermnewh or mot the bubble
has barst. If the bobble has not burst, the assumption is made that tra=sition occus
at trbt point and the boundary-layer calculations are contined. When a bursted bubble
is indicated, lazinar separatica is assumd to have occurred witi no reattach t. The
above treatment does not allc for the formation of a long reattached bubble, as has
sometimes been observed on very thin airfoils. Thus, only very short babbles are assmd,
with ineteate transition at reattachment. This simplified model is adequate in many
practical cascz.

ft= %tW, =C4 The equivalent-airfoil srface is de-

fined for the case when no boundary-layer
separation occurs by superimosing the coa-

U-• --W mated bo-undary-layer displacement thickness
-/ = normal to the airfoil contour. A schematic

diagram is shown in Figure 9. Since the
displacement thickness is not zero at the
trailing edge, the resulting equivalent body

I is analogous to an airfoil with a finite-
-, n .thickness trailing edge. Thus, the blunt-

S"trailing-edge pote.tial-flow oethod described
Figure 9. Equivalent-Airfoil Model - in the previous section is directly applica-

Attached Flow ble.

In the analysis of the resulting equivalent multi-element airfoil system, the com-
plex tixing phenomena associated with the interaction of the viscous wake shed from a
forward element with the slot efflux and bcundary layer developing on the following
element has not been considered. This confluent-bcundary-layer problem has been con-
sidered by Goradia, as reported in Reference 6. The precise icpact of the mixing process
on the airfoil-system pressure distribution is not known. Thus, in the interest of
simplicity, the effect has been omitted in the present model.

4.2 Separazed-Flow Case
The next step is to define the mathematical model for those airfoil elements where

boundary-layer separation is indicated. The boundary-layer calculation methods described
above predict the separation point but, of course, do not carry out calculations past the
separation point. Therefore, no values for an equivalent displaced surface are readily
available past the separation point.

One approach is to allow the separation streamline to remain a free boundary and fix
its position by specifying a constant pressure condition aloug the streamline from the
separation point to the airfoil trat.ling-edge location. Experimental data tend to support
such a constant-pressure separated-wake condition. Jacob (Reference 5) approximated this
condition for a single-element airfoil by assuming equal pressures at three discrete
points located at the airfoil trailing edge, the separation point, and the airfoil
trailing-edge station on the separation streamline. Such an approach, however, requires
the solution of a non-linear system of equations within the framework of the distributed-
singularity theory. The undesirability of an iterative-solution approach for multi-
element systems led to the search for a simpler appronch.

One alternate approach to the problem is to empirically define the separated-wake
shape, i.e., the inviscid streamline emanating from the separation point, and assume that

V5 11
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Figure 10. Separation Streanlinie Experi- Figzare 11. Separation! Streamline Experi-
sewt - ?]a'i Flap Deflected inet - Plain Flap Deflected
20 Degreesa- 25.5 Degrees 20 Degrees, a - 26.5 Degrees

camera installed in the 2-D blowing-wall insert of the tunel. An a&pprzinte chorcwise
position of the separation point was visually determined by tufts attac•ed to the model.
A long tuft (approcizately 18 inches) attached to a tapered rod was inserted fron Pne
tunnel roof to this approxi.ce separation point. It was obse-ved that as the long tuft
was moved dwnstrea it was steady up to a certain point, after which it suxddenly began
to oscillate violently, presumbly as it entered the separat-_d wake region. Photographs
were taken with the rod extremity adjusted to a point just upstream of the condition
where the tuft entered the separated-wake region. A quaiitative indication of the sepa-
ration streamline shape =ay be noted in the figures. Uaforrunately, the camera position
selected was such that the separation streamline emanating from steeply deflected flaps
and slats could not be photographed. Further, since this procedure %as quite time con-
suming, photographs were not obtained for enough configurations to e=.irically define
the separation streamline shape as a function of the separation-point location and
incidence.

A brief analytical study was carried out
,, :to determine if the streamline emanating from

the separation point could be approximated by
.- an analytical function. An NACA 64A210 (wdi-
1�1fLied) airfoil section was used in the analy-

, ,. sis. The separation point used was predicted
/ , k by applying Stratford's (Reference 13) sepa-

€, ,// / ••-'- ration criteria for predicting incipientI ~ separation based on the potential-flow pires-
__________ sure distributions. The predicted lift curves

S-"I s..-.. for a linear and parabolic streamline assump-
ST .. tion are shown in Figure 12. The linear

streamline was aligned with the freestream
__direction, while the parabolic streamline was

oriented so that it was tangential to the
local surface at the separation point and

Figure 12. Separation Streamline Shape parallel to the freestream direction at the
Effect trailing edge. The agreement between the

calculated and the experimental lift curves
is very poor, although the parabolic-streamline model shows some improvement over the
linear-streamline model. Perhaps by a trial-and-error method a satisfactory analytical
definition for the separation streamline could be obtained for the configuration under
investigation, but it would have to be proved valid for a variety of multi-element air-
foil configurations and locations of separation points.

1 .: ;.
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in order to assure the correct Choice of the
- inrs * Zm~~5 separation point, it was deterimied from
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- Isevea ot ofgrtosmde to check___ __ __ validit of the free-streamlinemoear
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5. xi.:3DATICAL MODEL SIJESUAYIIATIO9

The validity of the free separation-
C streamline nodel was checked by cczparing
Esiaa =b theoretically calculated pressure distribu-

I tions with experimental data. Couparisons
ci - - Jare presented first for single-element air-

0 5 13 15 20 foils and then for multi-element airfoils.

Figure 14. Lift Comparison - Free- Meaningful cozparisons require that true
Streamline Model two-dimensional data be obtained. High-lift

systems in general generate steep adverse
pressure gradients and large amounts of flow circulation that tend to cause premature
separations near the walls due to the interference of model and wall boundary layers.
Wall-interference effects on the experimental data used to substantiate the theoretical
model were eliminated through use of the blowing-wall rest technique first developed by
Boeing Co. and later refined by Convair Aerospace Division and Canadair Ltd. (References
12, 14, and 15). When used correctly, this test technique eliminates the interference
between wall, model, and boundary layer, and near-perfect two-dimensional flow is obtained
in the ý,st section. The data presented in this section were obtained at the 6-ft by 9-ft
low-speed tunnel of the National Aeronautical Establishment of the National Research
Council, Ottawa, Canada, with a 2-foot-chord model, a nominal Mach number of 0.2, and a
Reynolds number of 2.5 million (Reference 12).

In the comparisons that follow, the equivalent-airfoil theoretical model is evalu-
ated by calculating the pressure distributions with the separation-point location esti-
mated from the experimental data. The specified separation point thus provides a true
evaluation of the equivalent potential-flow model independently of the viscous-separation
prediction method. It is not the intent of the present paper to evaluate boundary-layer
separation methods or the iterative coupling of the potential- and viscous-flow methods.

5.1 Single-Element Airfoils
Results for two single-element airfoils are presented. One is an NACA 64A210 (modi-

fied) cruise airfoil; the second is the same airfoil with a 22-percent-clbord leading-edge
flap. The comparisons between experimental and theoretical pressure distributions for the
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Figure 17. Cruise Airfoil Pressure Figure 18. Cruise Airfoil Pressure
Distributions, a -14.3 Degrees Distributions, a -15.2 Degrees

Excellent correlation between experimental anid theoretical results are noted for all
angles of attack except in the separated region at the lower angles of attack. The sim-
plified model does not pose a condition of equal pressure on the upper and lower surface
at the trailing-edge location. Such a condition would perhaps improve the pressure cor-
relation at the airfoil trailing edge. It is noted from Figure 14 that Cl,~,c occurs at
about the 14.5-degree angle of attack.

* ____________________The comparisons between experimental and

I I ~~ ------.. theoretical results for the NACA 64A210 (modi-
I i / / fied) airfoil with a 22-percent-chord leading-

~ edge flap are shown in Figures 19, 20, and 21
'E~a - for angles of attack of 18.5, 20.5, and 22.3

- - degrees, respectively. Potential-flow analy-
I -a. ~ sis results are also shown on these figures.

I --.... Again the effect of boundary-layer displace-I J I menit thickness is ignored in the definition
S~ of the equivalent body. The separation-point

locations were estimated from experimental
It 2 V ?aC i It data. Excellent agreement is obtained between

experimental and theoretical results for
Figure 19. Flapped Airfoil Peessure angles of attack of 18.46 and 20.46 degrees

DistributiOll3, a - 18.5 Degrees except on the lower surface of the flap.
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W~e2. Fla~gea hirfoil Pressmre Ixri e 21. Flagged Airfoil ftessure
DItS 1cas, a - 20.5 Dgrees Discribri•_s, a - 22.3 Degrees

Sere, experimental data see~ mo indicaie a laminar-flow Borbfr, whc was nor considered
in m7 zbetremical analysis. For the azgle of attack of 22.31 degrees, dne agreeme
bene experize=1 and cbareeical pressure discribarioms is only fair. At: dis a•ze
of actack, athe separationt point: is at: 40-perczat chord and poor agreement cam perhaps be
armrikmted to the Lack of ipresscre coa"itioas lan the separated make in the simplified
imodel.

5.2 lbuci-Elenesra Airfoils
3esalits fem cm malti-cleset airfoil config-rations are presented. Oae config- -

ration is an K&CA 6W10l (modified section) with a 22-percent-zbord slat; dze second is
the same but with a 35-_ercenr-chord single-slotted flap deflected 30 degrees.

Comparisons between- the couxputed and experimental pressure distributions for the
first: co.fig-ration (no trailing-edge flap) are shoun in Figures 22, 23, and 24 for angles
of attack of 14.3, 21.5, and 23.2 degrees, respectively. _heoe-ical results fr the

* _ ..... _ _

- anWe• incudng Theefe:ctsiq'-" of c boundary_-FIT*.r

u . s oc n

___ -=7e

Figure 22.: each element Airoe Prsue Fgue2.T o-Eeedn th A irfoil Pesuret

Dist ilbutons 14.3 Degee Ditiu ions a= 1.5 Degee

-I ' • fo-Ul ReuSO in these figures. Also, potential-flow
Cp i S IA .... •s n:4, • • S results are shown for comparison with the

"I - -vakr.1 sodý Ar.l•,s k sruree Flea simulated viscous solution. These data show
""uae. WfAa'' u5rl l& that the theoretical and experimental distri-
VV':,l in butions are in very good agreement for angles

•. of attack of 14.30 and 21.53. The effect of
.2 0-including the boundary-layer displacement

• ""•thickness is seen to be small but tends to

S~and theoretical pressure distributions. At
the 23.17-degree angle of attack (experimental

0 -0 ' .0 0 W 1 0 Clma ) agreement between experimental and

xc theoretical results is only fair which, again,
Figure 24. Two-Element Airfoil Pressure may perhaps be attributed to the absence of a

Distributions, a = 23.2 Degrees wake pressure condition in the model.

rn qialn yte band ybt ngetn
I-aiicuigteefet fbudr-ae
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+ --- u +, j1o - .*

Figure 25. Three-Element Airfoil Pressure Figure 26. Three-Element Airfoil Pressare
Distributions, a- 18.7 Degrees Distributions, a - 20.7 Degrees

C .rsoi.. of eperimental and tbeore-
tical pressure distribuions for the second
mialti-element configuration are showu in

4 a FiguVres 25, 26, and 27 for angles of attack
of 18.7, 20.7, and 22.9 degrees, respectively.

Emv &*Sim The potentLal-flow solution is shown for
.W i~ ~v*~T *com5paris------ and the theoretical pesr

t -fm~2C~ ~ . distriUntions for the equivalent system with
% ~ and without the effect of boundary-layer
•+ |"-'.+ •displacemen thickness are presented.Th

exper-mental pressure distributions sbow a-z+ l• .• --. • •,separatiton point on the flap which remains
invariant over the angle-of-attack range

4analyzed. The effect of including the
,II J . -' boundary-layer displacement thickness is

--- ' again noted to be small. The experimental
_n C _n C.4.0 ýW LC and theoretical pressure distributions over

the flap are in good agreement, but the
Figure 27. Three-Element Airfoil Pressure theoretical pressure distributions over the

Distributions, a - 22.9 Degrees wing section and slat are only in fair agree-
ment.

6. CONCLJDING REIARKS

A simplified mathematical model has been defined which permits the analysis of
arbitrary multi-element airfoils in viscous flow, through the analysis of an equivalent
system in inviscid flow. Comparisons of computed pressure distributions with experl-
mental data verify that the model is reasonable, even near stall. Some discrepancies
existing near the trailing edge of the airfoil elements point to a deficiency in the
simple model. This deficiency may possibly be corrected by enforcing a constant-pressure
condition in the separated wake. An approximation for such a pressure condition that
does not unduly complicate the model (by adding non-linearities into the system, for
example) is required.

Work on the complete iterative solution method is being continued under the sponsor-
ship of the United States Air Force Flight Dynamics Laboratory (FXM), Mr. R. F. Osborn,
program monitor. The ultimate objective of the study is to provide the capability to
predict force and moment characteristics of multi-element airfoil systems over the com-
plete angle-of-attack range.
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SUrlRY

In the first part of this paper it is show. by means of an example how small modifications to the leading-
- edge profile of a sweptwing can result in large effects on lift performance at the stall in the higher range

of subsonic speeds. The basic types of leading-edge pressure distribution for any one fixed geometry over
the whole range of subsonic speed are discussed and the difficulties in designing a profile shape which
gives a satisfactory compromise in wing performance across this range is emphasized.

In the second part of the paper, two types of variable-geometry device at the leading edge are discussed,
each of which allows some degree of optimization in the shape required for good aerodynamic performance
across the range of Mach number. The first of these, the leading-edge slat, is shown to work in quite a
different way at high speeds from that in its more conventional role at landing and take-off conditions.
Recent IK research work is used to demonstrate some important aerodynamic features of slats when used at
high speeds in near-optimam positions. The second type of variable-geometry device is a new one, recently
developed within the MK. The essential feature is a linkage system, entirely contained within the nose of
the profile, which can be used to change the shape of the leading-edge of the tclean' wing in such a way to
improve performance over a rarge of aerodynamic conditions. The aerodynamic possibilities of the use of
this device in the higher subsonic speed range are demonstrated by reference to some recent UK wind-tunnel
tests.

1 IWZRODIETION

In the design of sweptwings one of the choices which has to be made at an early stage is the selection of
the wing-section profile shape (or shapes) to be used. This selection is made very often with the help of

- theoretical work and two-dimensional w.'ind-tunnel tests, having due regard to the operational requirements
of the project throughout the speed range and to the various constraints imposed by structural considera-
tions. The design requirements are usually in conflict and as a result the final choice of profile to be
used is generally a 'best compromise' which can have serious deficiencies at one or more important points
in the flight envelope. Considering the design of the profile at the leading edge, variable-geometry in
the form of slats, Kruger flaps or other 3uch devices is generally found essential to meet the particular

is deficiency which arises at low-speed, high-lift conditions (for take-off and landing), and recently the use
of these devices set at intermediate angles has been resorted to in order to improve stalling characteris-
tics at high subsonic speeds (for high-speed manoeuvres). But a high price is paid for the use of leading-
edge devices at high-speeds. The higher loading conditions imply extra weight to be carried and the need
to specify precisely extra settings implies complications to the structure and control system. Also some
of the aerodynamic effects can be adverse. Because of the extra drag involved for instance, performance
at txmise' can be sacrificed in some important respects.

Two points therefore need to be stressed at the start
of this discussion. Firstly, it is important to

0_ increase our understanding of the particular sensiti-
vities of stalling characteristics at hi.ih speeds to
small variations in leading-edge profile shape, and
secondly it is necessary to be ,icre av2're of the aero-

Sdynamic situations which arise when deices such as
leading-edge slats are used to improve maximum-usable-

S74lift at high subsonic speeds. It is hoped that this
paper will contribute a little on both these issues.

1.1 Basic Types of Pressure Distribution at the
Leading Edge

In the higher-subsonic speed range, the stall of swept-
wings is primarily associated with the development of
flow separations due to the interaction of the shock
wave system on the upper-surface of the wing with the
boundary-layer. The situations which arise at flow
separation can be extremely complex even in two-
dimensional flow, particularly when there is inter-
action between these shock inducetd separations and

-0 0 J separations near the trailing-edgel, On the complete
0o 0o 1 0/ o 0 10 swept wing the flow fields are affected by root and tip

c xeffects and the interference from the body, the nacelles

.wing sat,ori 'A' and stores (if any). With increase of Mach number these

M-O 50 .. Co .0 three-dimensional effects are aggravated as the effective

0o 6z 60 0 aspect ratio is reduced. However, provided the leading-
o 74 20 0o54 edge sweep is not excessive and the leading-edge radius

is not so small that leading-edge separations of the
slender-wing type develop, a viable approach to the
problems of separation can be made by considering the
flows as quasi-two-dimo.nsional in the first instance,

Fig I Bcsic types of upper-surface pressure distributions taking account of the three-dimensional implications
at super-critical conditions before flow breakdown subsequently.

I4
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Thus we may start by considering three main types of upper-surface pressure distribution near the leading

edge, which can occur at conditions just prior to flow breakdown on a particular aerofoil (Fig I). Three

examples are shown with approximately the same shock strength. At the lover end of the high subsonic range
under discussion, say at speeds near H = 0.5, the flow usually separates at the shock which is very close
to the leading edge and which increases in strength as lift is increased. At higher speeds, however, a
nearly-constant velocity supercritical region tends to develop over the forward part of the wing upper-
surface, terminating in a shock wave which moves further aft and increases in strength with increased lift
until the separation of the flow from the surface is induced. At still higher speeds the supercritical
region may extend as far back as 55%-65% of the wing chord and the shock, when strong enough to cause
separation, is typically preceded by a progressive increase in local velocity. In all these phases of
development, each culminating in the stall, the geometry of the leading edge plays a critical part, either
directly because of local effects on the shock waves, or indirectly because of effects on the general state
of the boundary-layer and thus on its tendency to separate funrther aft on the wing upper surface. Bearing
these three main types of leading-edge pressure distribution in mind, three specific examples of leading-
edge geometry changes will be presented and discussed in this paper.

1.2 Specific examples of Leading-Edge Geometry Changes

Using the first of these examples, described below in section 2, it is shown how a small modification to
the leading-edge profile can cause large effects ou lift performance which are only beneficial at one end
of the high subsonic speed range. The need for a satisfactory compromise across the whole range is thus
emphasized. In the second example given in section 3t the use of leading-edge slats at high subsonic speeds
is discussed and by reference to some recent UX research studies these devices are shown to work in quite a
different way from their more conventional use at low speeds. Finallyisection 4 describes the use of a new
type of variable-geometry device recently developed within the LT. The use of this device to improve lift
performance across the whole of the high subsonic speed range will again be demonstrated by reference to
some recent UK test data.

2 WING-SECTION PROFILE CANGES

The first piece of work presented concerns a modification made to the leading-edge profile of a variable-
sweep research model. Details of the complete model configuration used in the investigation are given in
Fig 2. Two sweep angles for the wings were used in the investigation and the appropriate values of aspect-
ratio and wing-twist (Iwash-oute) are noted on the Figure. One model was used for the measurement of forces
(presented in Pigs 7 and 8) and another rather larger version of the same configuration was used for the
measurement of pressure data, (quoted in Figs 9 and 10). The wing-section employed is also shown in Fig 2,
designated as 'basic wing-section $A". Two-dimensional tunnel data for this section and for the modified
section 'Bt is quoted in Figs 1 and 3-6.

2.1 Two-dimensional considerations

The basic section 'A' used on this model was a com-
paratively thick one (about 13% thick, perpendicular Pivt of voariabl-swesp iv'ig
to the wing quarter-chord line) and had a reasonable 0
degree of rear loading and a fairly small leading-
edge radius.

4 Fig 3 shows the stall boundary obtained for this
profile as obtained from two-dimensional tests and
the criteria used to define this boundary are also
indicated by means of inset sketches in the figure.,
The three types o2 pressure distribution shown in
Fig 1 have been taken from this same set of test data.
As will be seen the boundary is fairly flat from O0'% Mimi-span -

M t 0.4 up to about M i 0.58 and over this range of
Mach number we have the first type of pressure dis-
tribution mentioned previously with a very sharp suc-
tion peak and a strong shock near the leading edge at
conditions before flow breakdown. In the region
0.6<M(V.65, however, the second type of pressure dis-
tribution applies, with a nearly-constant-velocity 90' sm'-,po,

supercritical region developing ever the forward part Scales -

of the profile upper-surface terminating in a strong Pres r moode
shock. At higher Mach numbers, the third type of dis- - \ a' S' s,,
tribution shown in Fig 1 is apparent, velocities build- i ,ooim oS.pa.t -ý, ýo 49

Ing steadily from the leading edge to form a triangular FcrCt= mad=| wO-•* .
type of supercritical distribution culminating in a a7 ?"Sweep
strong shock much further back on the chord. spect p•atio 703

wash-oit 0 2,

Fig 3 also includes a sketch showing in what manner the
leading-edge profile was modified to form the second o wlnlfs4ctcn A (p pendcalor te quor•,.--chord irn)

profile designated as wing section 'Bi. The modifica- 2 a
tions of most significance were the increase in nose
droop and the change to the local surface curvature

round the leading-edge. The effect on the sectional -rst Reynolds nRA ,,beI , based on mao- choro. 27 Z' Awsep -

stall boundary is given also in Fig 3 and shiws that pressures. z-4 x io6 for..s, 14 X 10 2 c ,n tests, b s X 106

the maximum lift of the profile has been raised at the
low end of the speed range without apparent harm to the
performance at the higher Mach numbers. The marginal
improvement at high speeds is possibly due in part to Fig 2 Details of the geometry of t" variable-sweep wing
the small change in section thickness (about 0.3-') used to obtain the data of figs 7 and 8
also included in the modification, so no credit can

Ii1gZ



eally be taken fr this. It is of course an too 1.4

easy to moif the leading-edge shape of a profile to wg

improve the umdmm lift developed at low speeds at CL
the expise of performance at the high end of the -

range, so this particular odifi'ation very much
re.resents a comprocise solution. Also, as anyone Basic -n 9

acquainted with so-called Isrupercritical' types of szct~ofl W

aerofoils wil l ---w, it is all too easy (but not
necessarily inevitable) to devise sections with sub- ,-0 1 --
stantial inaovments in maximm lift at high speeds
at the expense of usable lift at low specids. Before M tons?_
leaving this figure attention must be drawn to t?..
scale of equivalent Mach number included for the wings o 8
of the complete model when set at 27.20 sweep. As C\
will be seen the benefits of the sectional modifica-
tion reduce with increasing Mach nuRber becoming
virtually zero at a Mach number of about 0.7 for the o0-
wing at this sweep setting. For the wing swept at C"
42.2', this Mach nmuber would be in the region of
M = 0.85. oquivoteit

Math number

Before discussing the actual effects of this sectional 0-4 for wing

modification on the measured lift coefficients for the ______ Z7 Z.

complete swept wing, it is worth considering briefly (o04) (o ,)(o 's)(o0) (o0ss)
hou these benefits in lift coefficient have material- 4 1 1 1 1
ized. Fig 4 shows the lift-incidence curve for both 0 4 0 5 06 0 7 0o

the basic section 'A' and the modified section IBI at moth No

N = 0.5. There is a change in the lift developed at
ccnstant incidence before the stall, mainly due to the LMOdf 3 ..-eQ. profilt%

change in overall chordwise camber, but of more signi-
ficance is the increase in the maximum lift developed. -

From the measured pressure data there is evidence of a
reduction in suction-peak height, and thus a reduction ___/

in shock strength, for the same lift at conditions 0 o o Z
prior to flow breakdown (a comparison at CL - 1.14 is Baosc ,V.ns seetor W'

shown to demonstrate this in the inset diagram.) wn s . - - ' "
Since the maximum lift attained is by and large IZ 6 /tmic
governed by the strength of the shock reaching some
critical value, the result is an overall increase in Fig.3 Stall boundaries from two-dimensional tunnel tests

on wing section 'A' and on the modified section 'B'

maximum lift-coefficient in favour of the modified
,-z section (0.09 at this Mach number). tAt high Mach

numbers a different flow situation arises and it is
instructive to consider in this case the comparison

VWn9 sctOn' C,, ,I' of pressure distribution at high lift when the shock
1-1 terminating the supercritical region on the two

profiles is likely to have the same effect on the
boundary-layer behaviour. Fig 5 shows what the

wing S .eton comparison between the lift-incidence curves looks
1.0 like for the two sections at M - 0.7, and the inset

diagram shows the comparison of upper-surface Sres-
sure distribution at an incidence of about 3.5 when
the shock has about the same strength and position

0o 9 o z on the chord. Marginal benefits to usable lift at
suction Pack, section this Mach number partly arise from the section modi-

C- sucio , pack., '6' fication due to increased suctions being induced aft
of the leading edge in the supercritical region.

.0 Fig 6 demonstrates some extra important effects of
P. o't this section modification in two-dimensional condi-

tions. Firstly, there was a general tendency for
0-7 - 0 X the upper-surface shock on the modified section to

be a little further aft when compared on a CL basis
except at M = 0.66. Secondly, the forward movement
of the shock as flow separations developed tended

o 6 o0 to be more abrupt on the modified section. As may
be seen from the typical pressure distribution in

05,tr •ruiOnb for CL., ,4 Fig 5, the more triangular form of the supercritical
pressure distribution on the original section would

0 5 , 0 0 0 0 I 1' tend to make the shock weaker as it moved forward.
~ 0 40 6 0B 10 The resultant stabilizing effect on the stall develop-

< •ment would not have been present on the modified
section with its much flatter supercritical pressure

q_______________I_______ distribution ahead of the shock. Thirdly, the shock
48 '0o , strength compared on a CL basis tended to be greater

for the modified section, but before the stall the
rate of increase of shock strength 4ith lift decreased
resulting in comparable conditions at the point of

Fig.4 Charocteristics c wing sections'A and 'B' at M. ) 50 flow separation, (case for M = 0.6 is shown). We
* shall refer to these points later in the discussion.
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2.2 Ap21ication to the complete model configuration Fig 6 Upper-surface shock position and strength from
two - dimenaional tests ýn wing sections 'A' and 'B'

Turning now to the lift-coefficients measured on the
complete model of Fig 2 before and after this leading-
edge modification was incorporated, we see that the promise of improvement from the two-dimensional tests has
not entirely been fulfilled. In Fig.7 the lift-incidence curves for the configuration with wings set at
27.20 sweep are shown. Whereas the leading-edge modification has improved the maximum lift at the lower
Mach numbers, at the higher speeds positive harm is done, the CLmax being lower and early breaks appearing
in the curves. The benefits at lower spee-ds reduce to ze.ro by M v 0.70 and it is interesting that this at
least was predicted from the two-dimensional tests (equivalent M = 0.63). Before discussing the reasons
for the losses in maximum lift at the higher speeds, it is instructive to note some similarities with the
lift-incidence characteristics measured at higher wing sweep of 42.20 (Fig 8). The benefits of the modifi-
cation made to the wing leading-edge are not so marked at the lover Mach numbers even allowing for the
normal sweep effect, and there arce indications in the nmore gradual nature o2 the loss of lift at high
incidence that the stall is altogether more three-dimensional in character than at the lower sweep. However,
there is once more a tendency Ror these benefits at low speed to disappear it about N = 0.85, ie at virtually
the same equivalent two-dimenmrional Mach number found at the lower wing sweep, M = 0.65. At the higher Mach
numbers, ie above M = 0.70 at the lo'-im wing sweep and M = 0.85 a. the higher wing sweep, an early break
develops in the lift curves when the modified section is used, due to prenattire flow separations outboard
on the wing. Thus the value of usable lift has been made worse rather than left unchanged as demonstrated
i-- the two-dimensional cata (Fig 3). Taken as a whole we would say that the leading-edge modification made
to the basic wing section, although restricted in the improvement achieved at low speeds in order to main-
tain performance at the higher speeds, has only shown benefits up to M = 0.70 at the wing sweep of 27.20
and up to M = 0.85 at the wing sweep of 42.20. Above these points in the subsonic speed range positive harm
has beer done to the stall boindary.

The reasons for this state of affairs at the higher Mach numbers is explained by reference to some pressue
measurements made on the complete model. Fig 9 shows for a Mach number of 0.80 with the wings swept 27.2
the dev-lopment of the local chordwise lift-coefficient at two spanwise stations as incidence is increased.
A comparison is shown with the equivalent two-dimersional data, due allowance having been made for induced
incidence and body-upwash increments at each position. The figure shows how at 60% se :-span the develop-
ment of local lift is at least as great as, if not grealer than, the sectional characteristic, but at
stations nearer the tip there is an early break, (ii-2½ ), in the development of lift resulting in signifi-
cant losses over this region of the wing at the final stall boundary (af7 , see Fig 7). At inboard span-
vise stations (not shownj very much better lift-'acidence characteristics than thos,' fonund in two-dimensions
are developed and the general picture vhich emerges at these higher subsonic speeos is of strong three-
dimensional effects on the spanwise luading and on the character of the flow develaoment up to the stall,
biased against good performance at th! tip. .t is worth noting frnm this figure that the order of wing
twist needed to postpone flow separation at the .ip is large, even were this p(x'nissible from other (aero-
oynamic) considerat' ons.
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It is uszftl to look at the chordwise pressure distribution at these two spanwise stations, and thi-s has been

done in Fig 10 for those points in the lift development indicated by the 'diamond' symbols marked in Fig 9.
Comparison is made with the equivalent two-dimensional pressure distributions marked similarly by $circle'
symbols. For each spanwise station the comparison is made at about the same lift-coefficient and in each
case the coLditions taken are those just before the break in the local lift develor.Aent with incidence (in
either the two-dimensional or the three-dimensional data). This comparison shows that, although agreement
in the pressure distribution at 60% semispan is fairly good, at 90% semispan the shock terminating the
supercritical region is both stronger and further forward on the complete model and that there is a tendency
for increased suctions to develop over the forward portion of the supercritical region resulting in a higher,
flatter roof-top type pressure distribution. These observations are entirely compatible with the classic
situation which arises on straight-tapered swept wings of constant chordwise sectione',. At the tip, thick-
ness effects cause local reductions in isobar sweep towards the leading-edge, and a little further inboard,
(say at 2/3 to 3/4 semispan) a maxirmu in the spanwise loading gives rise to comparaiively higher local
lift-coefficients. Taken together these two factors 0 w.6 -we p 2 2°

induce a shock front at high subsonic speeds which is 4 W, dictioný.
of reduced sweep ovr the whole outer portion of the coMte Moze
wing upper-surface and shocks which are thus further 0 7
forward and of higher strength than elsewhere on the
wing. The result is that shock-induced separations c'-OC O-
generally occur first near the tip and progress in- 0"
board as incidence is increased. 0 1 M . /" -- - -.m

Thus we may obtain some insight into why the leading-
edge modification applied to the basic wing section 0i '

did harm on the complete model in the higher range of
speeds. At mid-span, at near.-two-dimensiohal condi- 0 mt o

tions, wa can see that the expected increase in suc- 0 4 / - Cofl'l* ol,
tion at the forward end of the supercritical region 9o'/ -
(see Fig 5), can easily be accommodata.d with some

benefit and the tendency for a further aft shock (see o s " ,
Fig 6) with no significant change in strength will do /
little harm locally and even some good. However, this ,a-//
further aft position of the shock locaW.ly at mid-span c a/ Note and 0 r.eer o pressure
indirectly has an adverse effect because it makes ds fri ,o ti ,; ,• io
worse the basic tendency for the shock to become less
swept over the outer portions of the wing. At t.a o
wing tip adverse effects are more obvious. The
increase of suction forward on the profile will in
this case cause adverse pressure gradients to appear 0

in the supercr4tical region resulting in the shock 0 a 3 4 5

moving forward more abruptly at an. eerlier incidence
and becoming stronger as it does so. Thus the section
mod~fication will have aggravated the classic develop- CoMpietM Modal with i%,ngs siapt 27 ZO, M=O9
ment )f shock-induced flow separations usual on swept Two-diensionoa dot at, M=O,7 k•ow•n for comportso-

wings by a tendency to reduce shock sweep and increase
shock strength over the whole of the outer wing. 7he *NOt.-Th, two-dansionol doto rclCOle aiiowonces
features whicn bring this about are apparent in the for bodi-wpwosh and ri nced ,nccicance
sectional characteristics but do no harm -n two-
d",iensional conditions. It should be noted that at
lo0' speeds in the range of Mach number under review, Fig 9 Comparison between locol-lift curves at w'=O 80
shocks inducing flow separations only occur at posi- for the complete model configuration and for the
tions very close to the leading edge so none of this
argument about shock movements applies. The w-ing in equivalent two-dimensional data at two sponwise positions

1¶ r5



- tkree-dimemsin ca thus take advantage ot the
gains deane-t*rated in the sectiowal test data.

2.3 The need fbr variable geometry

74

C, - * ;C~ at z T5 ?be foregoing discussioiat - Itr roud the mneasured
z - - ,- effects of a particular modification to the leading

S edge shape of a profile used an a swet wing at
- o s6 high subsonic speeds leads to two conclusions.

rirstly, the requiremnts at the 1w and high ends
of the high-subsonic speed range are basically 2z
conflict as regards the improvment of usable lift.

76 At lower speeeds the strong adverse gradient and/or
shock strengths which develop at high inci

-4 can be rePnced by the use of leading-edge nose-
down cawber, although in e s this can lead to

-2 subsidiary problems at other flight conditions.
However, at the high end of this speed range,

0 application of this nose camber can increase
r - • velocity, and thus the local shock strengt$s, at

critical conditions. Secondly, eve when great
ccnve--c nrocl, t a 2- z16" care is taken not to compromise the performance
90o*/c n- pý '0 •-7 of the wing section at high speeds by modifications

cp - made to improve the performance at the lover speed*
To -o- ,C£.oIý- 36 - and this can be first well e. -ablished by two-

I 0dimensional tests-, basic three-dimensional effects
e6 on the complete wing at the higher speeds can result

in strong adverse effects at the stall due to such
-:6 modifications.

-4, 90'4 %.-- 1% The case for variable geometry rests on the basic
need to resolve the conflicting requirements of

-Z leading-edge geometry across the high-subsonic speed
range. In the last section of this paper the pos-

o 1 , " , sible use of variable leading-edge profiles is
SZ• _ .,opresented as a means to improve performance over a

wide range of speed, but first the aerodynamics of
leading-edge slats at high speeds is discussed below.

Fig. 10 Comparison between chordwise pressure distribution
at M-0 80 for the complete model configuration and the equivalent

two-dimensional distribution at the some local lift-coefficient

3 THE USE OF LEADING EDGE SLATS AT HIGH SUBSONIC SPEEDS -111

At moderate subsonic speeds such as M = 0.5, when the
shockwave is near the leading edge, the mechanism by
which a leading-edge slat can give an increase in usable
CL is essentially the same as at low speeds. Deflection --

and extension of the slat can reduce the peak suction 6".]
near the leading edge and so delay the onset of a shock- F
induced separation. Typically, the optimun deflection
is roughly half that used for landing. AS higher sub-
sonic speeds, however, eg M = 0.65 for 25 sweep or
M = 0.80 for 450 sweep, a slat can still improve the
stalling characteristics but the nature of the improve-
ment and the mechanism by which it is achieved are not
the same as at lower s- eds. A fair amount of research
has been undertaken w- .nin the UK during the past few
years to show what factors can contribute to a good slat
design for wing3 of similar thickness to those discussed
earlier and how to retain the effectiveness up to as
high a Mach number as possible.

Initially, tests were made on a high aspect ratio wing ---

with 27 leading-edge sweepback (not the same wing as
that discussed earlier but of similar thickness) with
three slat designs A, B, C (Fig 11) and one droop design
B, formed by fairing over the slot of slat B. The
leading-edge devices extend over the full span of the
nett wing but because the wing design includes three- ---- SLAT A
dimensional treatment with the section shape varying S5AT B
across the span, the siot geometry also varies consider- SLAT C
ably As shown in fig 11. Overall 0L - acurves are -- DROOP8
shown in fig 12 for M = 0.55 and 0.65 and typical \ - • Fo, oIDN)
pressure distributions over the forward part of the wing
at mid- semi-span at M = 0.65 are compared :n figs 13
(a, b). It will be seen that at M = 0.55, slat A which
is drooped 12.50 over most of the span improves the
maximum lift by at least ACL = 0.2 but it 13 the results
for H = 0.65 that are of more Jnterest and which pose FIG 11 SLAT DESIGNS DIFFERENT STATIONS
the greater challenge. The first point to note i:; that ACROSS SPAN OF 3D SWEPT WING
the high-lift performance of the clean wing is



-30 -3C

SLAT I

CT,

SLAT SI - S ,T S 3

B .L* -20 * -20 -

a II

-10 fi-0L

FIG. 13a FORWARD PRESSURE DISTRIBUTIONS: FIG. 13b FORWARD PRESSURE DISTIBBUTIONS:
M = 0-65, 0 5 x SEMSPAN M = 065, 05 x SEMISPAN

leading-edge devices, when the incidence is increased beyond that for separation-onset, the shockwave moves
forward towards the leading edge. Considering the wing as a whole, inboard of the separated area the shock
front loses its sweepback, thus leading to an increase in shock strength and encouraging the separation to

* extend inboard. With a slat extended, however, as shown in fig 13, the shock tends to remain in a position
about 0.10-0.15c behind the slot exit. At higher Mach numbers, when the shock prior to separation is further

aft, it moves forward under the influence of a separation to about this position but then again remains
stationary for a sizeable range of incidence. This is helpful in two senses: first, lift is maintained

over the forward part of the main wing ahead of the shock and second, the shock retains its full sweepback.
Also, as the I..idence is increased, tht- lift on She slat itself continues to increase. A separate super-

4 sonic region forms and be-,.;= - = 10.q- and 13.1 , this extends rearward towards the slat trailing edge.
This rearward movement occurs first with slat C, ie, it is influenced by the shape of the main wing leading
edge. By %- 14.1 , fig 13b, even with slat B, the flow is supersonic back to the slat trailing edge but
there is still a two-shock system with a pressure-rise ahead of the step on the main wing surface. With
slat C, on the other hand, the slat shock moves onto the main wing surface and coalesces with the second
shock. To judge from the CL - c curves in fig 12, this is a favourable development and so in these respects
also, the shape of the main wing surface for slat C represents a distinct improvement over slat B. It should
perhaps be mentioned however, that even .here one has to compromise between requirements for different Mach
numbers. At M = 0.65, slat C is to be preferred for the reasons stated; at lower Mach numbers, this applies
to a greater extent because the peak suction near 0.12c for slat B is even greater and there is a premature
separation due to the adverse pressure gradient behind this peak suction; at higher Mach numbers, on the
other hand, the strongly triangular nature of the pressure distribution with slat C leads to worse drag

s characteristics, the drag-rise Hach number at moderate CL being typically about 0.02 lower with slat C than
with slat B.

This brief discussion of the results for slats B and C in figs 12, 13 has shown that in any assessment of
the effectiveness of a slat at high Mach number, two incidences are of particular importance:

Sthe incidence at which the shock-induced separation on the main wing extends to the trailing edgeand

&B: the incidence at which the supersonic flow over the slat upper surface extends to the slat trailing
edge.

For a good slat design, a should be as high as possible and m. obviously ghould be nearly the same value.
Slats B and C are poor inAboth respects. Even with slat C, (&A - %B) = -3 approximately and it is arguable
that if supersonic flow at the slot exit has appeared by about %A, much better control would have been
exercised over the subsequent development of the stall. Further, if the supersonic flow over the slat can
be achieved before o the total lift carried at a would be greater. On these arguments, therefore, one
suspects that the optimum value for (qA - oh) sho&Ld be slightly positive and this tentative conclusion
has been borne out by an extensive, systematic research programme on different slat designs using the model
illustrated in fig 14. This is a half-model wing-fuselage conf'guration where for engineering convenience,
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FIG. 12 EFFECT OF SLATS AND DROPED NOSE ON OVERALL LIFT OF 3D %.24G

particularly good at X = 0.65, the maximum usable lifet being assessed as CL = 1.04 as compared with CL = 0.84
at H = 0.55 or CL = 0.89 at M = 0.71. Pressure-plotting tests showed that at high lift at K = 0.65, the
local supersornic region over the forward upper-surface of the clean wing was well-conditioned with a peak
suction near the leading edge followed by a largely isentropic recompression back to a relatively weak shock.
It was therefore realised from the outset that it night be difficult to obtain sizeable improvements through
the use of kigh-lift devices and at first sight the results in fig 12 do not appear too encouraging. Slat
A is clearly deflected too much and gives a reduction of at least 0.15 in usable naiw= lift-coefficient,
irrespective of how this is defined. Slats B and C are more difficult to assess: pessimistically, the
break in the CL - ci curve again occurs at a lover CL than for the clean wing but with slat C at least, the
ultimate Ciax is higher. It is only droop B that gives a clear improvement, by about ACL = 0.09 of which
only 0.03 can be ascribed to the extra wing area. Referring to the pressure distributions in fig 13, it
will be seen that at moderate incidences, eg = = 8.70 in fig 13a, droop B produces two local supersonic
regions, the first near the leading edge and the second near 0.10c but at higher incidences, eg a = 10.90
and 13.1 , these link to give an extensive peaky supersonic region with considerable isentropic recompres-
sion ahead of the shock. The results with droop B are therefore similar in character to those for the clean
wing but higher values of CL for separation-onset are achieve? because the supersonic region as can be
imagined5 is more extensive. One should no~u !o.rever that r results are presented for droop B beyond
% = 13.1 • This is because severe model bounce developed a-! it was impossible to obtain any steady read-
ings. To Judge from experience on other models, the likely explanation is xht 'ha. tz sck%._ave moved forward
rapidly and the supersonic region round the leading edge failed to develop over part of the span. This
means that high values of CL for separation-onset had been achieved at the expense of an abrupt stall develop-
ment; to make this acceptable, one would possibly have had to introduce some variation in section sha..e
across the span.

Turning now to slats B and C, neither of these proved to be an optimum configuration but nevertheless, the
analysis of the results leads to some important generaO conclusions. The shape and position of the slat
itself is the same in these two cases. It is merely the shape of the main wing upper surface near and down-
stream of the slot exit that is different (fig 11). With slat B, there is a rapid change in slope near 0.12c
and a forward facing step corresponding to the finite trailing edge thickness of the slat; with slat C, the
change in slope is eased by a fairing undercutting the step. This change in geometry may appear to be small 0
but the consequences are significant. Fig 13a shows that even at the moderate incidence condition of a= 8.7
CL = 0.7 ie more than 0.1 in CL below the CL for separation-onset for the clean wing, (Fig 12) a strong shock
is already present on the main wing upper surface with both slats B and C but it has been weakened consider-
ably by the change from B to C. With slat B, the suction reaches a maximum near the step and there is then
some recompression ahead of the shock whereas with slat C, the fairing has eliminated the forward peak suction,
and the local upstream Mach number (normal to the shock) ahead of the shock is about 1.26 as compared with
1.41 for slat B. Even with slat C however, a shock-induced separation is clearly imminent and so one must
conclude that neither slat has been successful in postponing separation-onset relative to the clean wing.
It is arguable that some improvement would have been obtained if the fairing of slat C had been gentler and
had extended over more of a ,hord. Thir has immediately highlighted two features of a good slat design for
high Mach number: the change in direction imposed on the flow out of the slot exit and the curvature of
the main wing surface downstream of this exit should both be kept as small as possible. This is equivalent
to saying that the rear of the slat should be thin and that the slat trailing edge should be positioned as
far aft as possibl. eg at about 0,18c rather than 0.12c. It is quite understandable that the optimum curva-
ture of the surface between 0.2 and 0.3: should ideally be less than for a good clean wing design; in the
latter case, when the flow is 3upercritical, the effect of the expansion waves from this part of the surface
tends to be offset by the incoming compression waves relected from the forward sonic line but at moderate
incidences with the slat extended, the forward sonic point is further aft and these reflected compression
waves will largely be absent.

It is clear therefore that it is difficult but not impossible to improve separation-onset at high subsonic
speeds by means of a slat. Slats B and C do not achieve this but they are effective in controlling the
subsequent development of the separation. As do-cribed in Section 2 above, with a clean wing with no
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%wow sethis range, increasing deflection , extensiona d
gap tend to inrease WSe. At X - 0.65, oeo-wer,
it is a mre cmulicated story. The best results,

Xy&0.2 are obtained as sw tdaoe fg CO1%
figurations giving (&A - 08) in the range 0 to 2
Increasing the slat elc ionran extension are
only helpful wh~ile (IA - QB) remains in this rzae;
ultimately, (eA - a r) becomes negative and the slat
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In_ _cularly by the sequence of results for nXTtig) a 16
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saadro s% and reducing stThe best slat designs
give improvemnets of about AC,, = 0.2, a notable

FG Uachienment relative to the results for slats B andFi. ( WA1BLE SWEEP WING FMR SMI FLAP (ESEARDI C discussed earlier since we are still considering

apparently produced an improveiment. Analysis of th sam siiarl thicbesschr ratio. nthe sm we rc 20
the pressure plotting data shoved that this wasat
because the only significant change as the gap b as interesting point of detail about the results in
reduced, was in the pressures on the lover fig 15 is that the reduction of the slat gap has
of the slat. These pressures increased thus
giving more lift on the slat, but presumably, if 0)M 0
the gap were decreased further, adverse effects Ž21hIIIIII.
would begin to appear. Thus once again, the
lesson is that at the higher Mach numbers, the 05/
changes with any geometrical variable are no
longer monotonic. niCN

04- 5
In the discussion in this section so far, the
results have been analysed on a quasi-two-
dimensional basis. With increasing Mach number 03- 5
and/or sweepbacy l however, three-dimensional
efrects become wnortant and this can be illus-
trated by plesenting some results for the sane
anmodel at 35 h nweepback. Tests were made on the 02 3 e
slat and droop (slat, slot closed) configuraticns
shown in fig 16. Results for the mid- semi-sean
pressure-plotting station A are presented for
slat 1 in fig 17 and in general terms although

Snot in detail, this again illustrates the ability
oa? the slat to control the development of the 0ý
flov separation. A shock-induced separation .g

bja~ile at the foot of the shock is first observed()M:05
in condition 2; this extends back to the trail-
ing edge by condition 3; the supersonic region (MA- OLS)
on the slat extends back to the trailing edge of tU

the slat by condition 4; the coalescence of the
two shocks occurs near condition 5 and some lift7 b
is maintained on the main wing ahead of the shock 02U 5.5
up to beyond condition 6. The shockwanve is held t
behind *he slot exit and thus retains a sweep - - .3

near' 35 ; the shqck-induced separation tends to 01- 05
roll up into a swept bubble or vortex-type flow ~1
and this leads to an improvement in the pressure
recovery near o.= 140 between conditions 5 and 6 - 2 4 6 6 1 2 i7T

1

and thus to the increase in lift-curve slope in xu0 21 .' 1 6' 1 2 V

this range. The important extra feature in these (b-) M= 06-51 15 3
results for 35 0 sweep however is the spanwise 0
variation in slat effectiveness as shown in fig -0
18. At the lover Mach numbers such as H = 0.5,
it is not unexpected to find that the slat isI;successful in coping with the premature tip- FIG 15 ESTIMATED INCREASE IN USEABLE CN DUE TO SLATS
stalling tendency of the clean wing but the more UNTAPERED WING A =25'
surprising results are those obtained at high
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FIG 16 TYPICAL SLATS TESTED ON RESEARCH WING

FIG.17 FLOW DEVELOPMENT NEAR MID-SEMISFAN
Hach number where the slat is r-zlatively ineffective WITH TYPICAL SLAT
near the tip but strongly effective near the root.
Extending a slat can therefore be used to control not
merely the forward but also the inward development of the area of "low separation.

The reasons for the variation in slat effectiveness across the span at high Mach number are not entirely clear
but analysis of the pressure plotting results has shown that again, the trend can be interpreted in terms of
the parameter (aA - GB). As noted earlier, aA depends primarily on the suctions generated in the supersonic
region aft of the slot exit but typically, ahead of the wing maximum thickness. The suctions in this region
are likely to be higher and as a consequence, aA lover on the outer wing. Also, the results have shown that
CLB is lower on the inner wing; the impression seems to be that on the outer wing, the rearward movement of
the slat shock towards the trailing edge is delayed by a local flow separation ovmr the rear of the slat.
It follows that on both counts, (GA - aB) tends to be positive on the inner wing and negative on the outer
wing. Clearly, one would welcome a better result on the outer wing than that obtained with slat 1 because
separation-onret for the wing as a whole will be at a lower C, at high Mach number than for the clean wing,
but on the other hand, even when this happens, the slat still retains its ability to control the develop-
ment of the separation as shown graphically by the shape of the CL - a curves for H - 0.80 in fig 18.

The overall results for all the configurations at 350 sweep are presented in fig 19. It will be seen that
substantial improvements are achieved at M = 0.50 and even more so, in the case of slat 1, at M = 0.65 but
there is then a deterioration at the higher Mach numbers. This figure has however been included not so much
to show the actual increments i' usable lift due to each configuration but to illustrate that with the slats
particularly, because of the gradual development of the flow separations, it may be impossible to quantify

*these increments merely on the basis of the breaks in the overall CL (or CN) curves. To take for example
the results for slat 1 at M = 0.75, one would certainly not expect the maximum usable CN to be better than
about CN = 1.18 just past the major break in the CN - G curve but an analysis of the pressure plotting data
and the unsteady output from wing rcot bending moment gauges suggest that moderate buffet, and hence
possibly an operational limit, may be as low as C = 0.97 or only 0.10 above the assessed value for the
clean wing. Setting the limit at this point would imply reverting to condition 3 on fig 17. This may
appear contradictory in that one i- ,•ot taking advantage of the ability of the slat to maintain lift over
the forward part of the wv; up to condition 6 but this is not so because the performance of the wing as

Sa whole is being dUraded by what is happening outboard of station B. It is worth pointing out that the
adverse effects on the outer wing may be particularly pronounced in this example because the results have
been obtained for an untapered wing with a far from ideal tip shape. In practice, with a real aircraft,
having a tapezed wing, some twist and a properly designed planform and section shape near the tip, the
adverse effects could be much less pronounced and then, one would be able to capitalise on the separation
control evident at station B.

To summarise, a slat designed with careful attention to the shape of the main wing surface near and down-
stream of the slot exit can improve separation-onset except possibly near the tip up to quite high Mach
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FIG. EFFECT OF SLAT ON SPINIWISE DEVaELORUE OF STALL 35 SWEEP

numbers but the main virtue of a slat at high Mach number is in controlling the forward and inward spread
of the flow separation and thus, isprovin the buffet penetration qualities. 7"be more it is successful in

this aim, the more uncertain becoies the assessment of the true urzdm usable lift. More research is
needed on this point.

SLA IOSL CERT ~
12~ -S- 2

5.AII , -Il

L01 - .
o, SL"T -;",Y

04 O

.405 10 is 0

FIG 19 EFFECT OF SLATS (AND DROOP) ON USEABLE LIFT 35" SWEEP

4 THE USE OF VARIABLE GEOMETRY WING PROFILES

After all that has been said in the preceding sections the advantages of being able to change the actual

profile shape at will to suit the various aerodynamic conditions as they arise at different points in the

flight envelope are fairly obvious. We are a very long way off from this ideal situation, of course, but

a small advance has been made by the recent development within the UK of a linkage system able to control

surface shape locally from withi'n the wing. This device has been called the 'Royal Aircraft Establishment

Variable Aerofoil Mechanism' or 'RAEVAM' for short, (Patent rights have been filed under Patent Application

No 27787/69).

4.1 The RAEVAM Device

The starting point for this idea was the development of a new type of variable liner for the working section

of a supersonic tunnel at RAE 4 to meet a requirement for a fast and accurate system to use in conjunction

with a 'dynamic simulator' 5 . Fig 20 shows the finished system now in operation. The flexible walls of the

working section are positioned by a large number of stiff links pivoted at one end at points along the walls

and at the other on rigid earth-frames. The forward and rear ends of each flexible wall are free to slide

fore and aft at the points where they blend with the fixed walls of the nozzle, and suitable sliding joints

have been designed to avoid any disturbances locally. The lengths of the links and the position of the

pivots on the earth-frame were chosen so that, as the flexible walls are moved fore and aft by means of a

hydraulic jack, the required range of liner shapes is formed. The geometry of the linkage system is in

fact completely determined by specifying the exact shape of the walls required at three specific points in

the ra;ige, but choosing these points with care it was found in practice that the liner shape between these
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Profile shape is achieved by imeau of a single

- --. jack, 'JO, rotating the leading ed~ge framet pivoted
at P: As with the wind-turnnel liner, the lengths

~ -~ and pivot positions of the links are determined by
specifying three precise nose shapes required. In

- ~the studies we have mAd so far, we have generally
taken one of these shapes as that extee droop
Position needed for low-speed Cri.., and the other
two as those needed to meet two particular req-aire-
mnets of high-lift performiance at high speeds.

- he variation of profile shape betieen these design
points is, of cour'se, always smooth and progressive

- and appears to raise no problems in practice.
There are, however, some practical constraints to

*~'~ ~consider. For instance, the position of the pivots
ait the fixed ends of the links must lie within the

Flexible wails set at shape for M=2-3 profile, but the links can be allowed to cross
each other so there is a surprising amount of

Fig.2.OMechanism used in R.A.E. l8insx I~ins supersonic tunnel design freedom to acco~mmodate the types of profile
for the rapid and accurate variation of mach number change typically required.

(Based on the RAEVAM principle) Several variations to this first simple mechanism
j described above are possible, but need no more than

a mention here. It is perhaps worth noting that the system shown in Fig 21 always implies a shortening of
the chord as profile nose-down camber is increased. The installation shown in Fig 22 however, shows how
with the small oxtra. compliciation, of an extra motion controlled by a second jack, some forward extension of
the leading-edge can be included in the variable geometry. Other subsidiary motions can include rotation
of the whole leading edge about a second pivot as shown in Fig 23. In this case only one sliding joint is
needed at the blend point between the flexible and fixed areas of the skin.

A $4,19' t'oCkS T,
to, jonct-om oct'un

AC'~~~L Lrt.ofOt t,,
Paa~ #OO~LZ

Fao ftait0o t" tvo 'a O.',.

L 0-2 0.'in 9,n 0. 'g 
LmA"-._

'0T'
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Fig.22 Combination of flexible nose section with sliding movement

4.2 Aerodynamc Considerations

If we refer back for a moment to Fig 1 in this paper it is interesting to speculate on what variable-geo=etry
device such as WEVAN can do to improve performance at the stall over the high-subsonic speed range. The
three typical pressure distributions quoted before are given again in Fig 24 and the diagrammatic effects of
nose droop are sketched in with dotted lines. At the low end of the speed range, the height cf the leading-
edge suction peak and the strength of the associated shock wave can be effectively reduced by nose-down
changes to the leadcng-edge profile. This, as we have seen previously is beneficial since the incidence for
the stall is increased and hence the value of C achieved. At the high end of this speed range the appli-
cation of small nose-up changes in profile can counteract the basic tendency for triangular types of super-
critical pressure distribution to arise. Not only can prescribed peaks at the start of the supercritical
region be induced to appear to improve the local lift directly, but the whole of the development of the super-
critical flow up to the shock can be manipulated by this means. For the same shock strength considerably
more lift can thus be carried by the proper use of such profile modifications. At intermediate Hach numbers,
however, provided the original profile design was a reasonably good one, there is probably little that can
be done directly by the use of shapes generated by the RAEVAH device. Down-droop of the leading-edge will
basically tend to strengthen the shock (at fixed incidence) and up-droop will tend to make the supercritical
pressure distribution too 'peaky' , the latter resulting perhaps in multi-shock systems and (at best) worse
boundary-layer conditions at the main shock and further aft along the wing chord. In practice it has been
found that the benefits of nose-down droop at the lower Mach numbers and of nose-up droop at the higher Hach
numbers can overlap in the speed range, thus avoiding these difficulties at intermediate conditions.

On the compiete wing, as we have seen in earlier parts of this paper, there is not only a need for a varia-
tion of leadiag-edge profile with Hach number, but variation is also desirable across the wing span to cope
with the strong three-dimensional effects which can arise at near-stalling conditions. This raises

Kl Frome on Which COmplet nO¢ IS moonurtdE-EC roCk Of pivot point P when fromc K rotaLeS
U bOa'lm GbOut W.iCh i--oa- K rotate

Fig 23 Combination of flexible nose section and rotary movement

1f3



gcomp c lications in the use of any moving
'leading-edge device, but it is cmfrting to note
the preceding discussion on the use of slats that

eem.s-w e-cs aI leading-edge devices can eme ard thus be used to
Me Mau/ ( =O-S) control, the spanwise development of flov separation

. 7vem when no spanise grading of the geometry is
euMPloyed. Perhaps the best approach to the problems
of spanwise variation in stalling behaviou at high

~)-4 .%speeds lies initially in the spanwise variation of
the shape and thickness of the basic profiles used
in the wing design coupled with some incorporation of
wing twist and a proper use of the inevitable effects

o- / of aeroelastic distortion. However, a limited degree
of spanwise variation in the settings of variable-
geometry devices may be desirable in addition to this.

SAd• -•n effec t d Continuous variation of such settings across the span
a' M-h mawW (uo-o) should not be ruled out in the future as we become

imore and more able to cope with the engineering
complications invo-lved, but for the present we
probably have to content ourselves with discontinuities

0-6 across the span which bring with then their own
problems.

4.3 Recent test results at high speeds
o-z

o /eatial em€ t a high The data shown in Figs 25, 26 and 27 have been included/much mawe (M=to demonstrate the use of the RAEVAY device at high

speeds to improve the stall boundary of a wing profile.
The section used with the leading-edge modifications
tried is shown at the bottom of Fig 25. The solid

___leading-edge piece was restricted to 2% chord in this
"case and a blend-point with the main profile shape was
selected at 18% chord. The shapes, which were tested
in the 2ft x 1l-ft tunnel at PAE, were compatible for
the pivot position shown with a practical linkage
system of the type shown in Fig 21. The results of

0.8 the 50 -down and 1½°-up modifications to the section

0 -------- ' are given in the top figure and show how the benefitso~z - o6 -o X/C ,-o achieved at low speed and high speed overlap in the

Fig24 The diagromatic effects of 'Roevam' down-droop and speed range near H = 0.65. The inference from this
up-droop at the leading-edge on the basic types cf figure is quite clear: the whole boundary has been

pressure distribution shown in Fig I ,-7 -c, - 5 d0roop

inaproved over all the range of high subsonic Mach C-, ,,"--o,-

number from M= 0.5 to M =0.75. gzyodz -3
10- Xbosed on Chor-d

Figs 26 and 27 show some samples of the pressure -;i'*.>.
dis" -; butions measured during these tests. In Fig
26, v. a small nose-up droop variation was adverse at
H = . .6 as expected, the shock being strengthened 0 a
and moved forward on the chord (note also the
deterioration of the trailing-edge pressure). At
M = 0.75 this change in the profile geometry was
beneficial, extra suctions being developed before o 6
the shock which itself was virtually unaffected in
strength. There was even a small improvement in
trailing-edge pressure recovery. In Fig 27, the 50
down-droop variation in geometry both lowers and 04

spreads the suction peak as expected at H = 0.5
resulting in an increase in stalling incidence and I I I
CLax. At H = 0.7, however, the effects are adverse 0o5 06 07 a

since the main shock is considerably strengthened at
constant incidence resulting in earlier flow separa- 5'e"! 950-t,

tions as incidence is increased. 5 ' B.st fw

Dock to 2'/. C'v-
From this initial pilot set of measuro.d data, it can
be said that the use of this .:ariable-geometry W- !to eC. , C, 1". th91 h

device shows great promise in the context of the
aerodynamic problems discussed in this paper. " .$.
Studies in connection with the use of this device to - '-,___,

"improve CLmax at low speeds are proceeding in paral- j P'val p--.,,---
lel with further work at high speeds, and a review 0o

is being made of the structural problems likely to
arise in the incorporation of the device on an
actual aircraft wing. ÷3

5 CONCLUSIONS \ýfor ,o• seO o

This paper has emphasized by means of some recent Fig 25 Stall boundary from tunnel tests on a family of
examples of research work the critical importance of nose shapes generoted from basic section C' using
the geometry of the leading edge as regards the
stalling characteristics of wings at high subsonic the Raevom' deviceS1V7,
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Fig27 Effect of Roevom, down- droop at the leading- edge

speeds. To match performance over a range of these

speeds some use cC variable geometry is needed and
the use of devices such as leading-edge slats raise

Fig.26 The effect of Roevom up-droop at the leoidin - edge their own problems of making compromises across the
on wing section 'C' at fixed incidence speed range. More work is wanted to enclarge our

understanding of the particular supercritical aero-

devices in both two-dimersional and three-dimensional situations. In parallel with this i3 the need to
develop better devices fundamentally more suited to the basic design processes of wings and more able to
cope with the complexities of the flows which develop near leading edges at high incidence at these high
speeds.

NOTATION

A sweepback angle of wing

c chord of wing section

c mean chord of wing

CN no. -al-force coefficient

CL lift coefficient

C p surface pressure coefficient

P static pressure

H0  total pressure, free stream

H Mach number

a angle of incidence

X distance along w'in• chord

71 proportion of wing semi-span

&6 angu'ar rotation of slat, dec

g slat gap, at slat trailing edge, % chord

.T forward extension of slat trailing-edge, % chord

145
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A PRACT"ICAL LOOK AT THE STALL AND HIGH LIFT OPERATIONI OF
EXTELSAUo. BLOWN FLAP STOL TRANSPORT CONFIGURATIONS

David J. Noorhouse
Control Criteria Branch

Air Force Flight Dynamics Laboratory
Wright-Patterson AFB, Ohio 45433,USA

sr-%~=

This paper considers we practical design aspects of the stall of powered-lift aircraft having
externally blown flaps. Techniques are examined for predicting the Increment in maximum lift coefficient
due to power. .u•erical results are presented for an existing theory based on the assumption of a ..eading-
edge stall and the use of basic jet-flap theory. The accuracy of the theory is better than might be ex-
pected, and am =pirical factor is added to produce good correlation with measured values. A completely
e=pirical approach 1, shcw-u to be effective as a simple technique to provide quick approximations to the
increvern in maxiru- lift coefficient.

An externally blown flap configuration is characterized by large asymmetric forces and moments
as a result of an engine failure. The lateral control system is thus a critical factor in determining the
usahle lift. A comparison is made of the impact of various control concepts on stall and the usable lift.
It is con=luded that the most effective single control is boundary layer control ailerons with super-
critical blowing.

Available NASA STOL Uligfit test data indicate that a smaller stall margin is required than is
c nom in conventional practice. The normal acceleration response of externally blown flap aircraft to a
step gust is shown to be almost constant as airspeed is reduced. A basic stall margin of O. 3 g load factor
=argin is suggested to replace the conventional speed margin.

A consequence of the discussion of the factors involved is to show that max'.num lift coefficient
and the stall of an externally blown flap system cannot be optimized indepeudently, but must be considered

- as an integral part of the total vehicle design. Great emphasis must be placed on the design of the lead-
ing-edge device and the lateral control system in order to effectively use the capabilities of the extern-
ally blown flap system.

LIST OF SYH3OLS

AR Aspect Ratio jet momentum flux
C Jet momentum coefficient =qs for jet flapb, or effective blowing

coefficient = nC. for externally bld-an flaps

C Lift coefficient = lift
L qS

CL Maximum lift coefficientmax thrust

-. Gross thrust coefficient = tp qS

q Freestream dynamic pressure
n Normal acceleration, g's
S Reference wing area
V Velocity
V Still speed

V mi Minimun flight speed

a Angle of attack (radians)
a, Power-off stall angle of attack (radians)

11 Denotes an incremental quantity
6 Effective jet deflection angle (radians)
6 f Flap deflection

nMeasured turning efficiency of externally blown flaps

Special:

6C. (L ) Increment in CL due to C

a CL .(C u Increment in CL due to CSmax max

CL (C =0) Power-off lift curvp slope (per radian)
a

1. ISrRODUCT ION

Fcr conventicnal air -aft, take-cff or landing speeds can be set at some factor, such as 1.2 or
1.3, times the stall speed. Also, as a simplification, the flap system dcsign can be optimized to give

S=aximiri lift for landing and - gh lift with low drag for take-off almost iniependent of the airplane de-
sign. i.- "iOL aircraft powernd-iift adds another dimension to be considered, and has been utilized for
some time in the form o, propeller slipstream effects. With the current trend in transport design being

S!177
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almost exclusively towards turbofan engines (their amenability to noise treatment being no smell consider-
ation), a popular STOL concept is the externally blown flap configuration, as illustrated in Figure 1.
This concept is not new but is only now approa~hing use in a flight vehicle and solutions are currently
being sought to the detail design problems. There is strong dependence of the aerodynamic forces and
moments on thrust, as well as cross-coupling of the forces and moments between axes. The apparent sim-
plicity of the externally blown flap concept leads to a complex design problem, some aspects of which are
considered herein.

During the past 15 years a number of reports on the externally blown flap concept have been pub-
lished by NASA. These reports contain considerable test information but, until recently, there was no
systematic variation of design variables during the experiments. The available data resulted from measure-
ments on a variety of model configurations. Nevertheless, repreý.entative ranges of sweep angle, aspect
ratun, et!., bhvp been tested. A systematic investigation of the externally blown flap concept has been
initiated by NASA an.' the Air Force, but few cf these results are available, as yet. In addition, most
major airframe cori-pnies are actively studying this concept but the majority of their results are propri-
etary and not generally available. Specific data used in this paper will be limited to those which are
readily available.

The premise of this paper is that the actual achievement of a high lift coefficient is not the
major design criterion. Rather the criterion of design performance for a safe, practical, operational
STOL transport should be the amount of USABLE lift available considering engine failure, atmospheric tur-
bulence, etc. This paper examine- each of the following topics:

1) The uechanics of maximum lift for externally blown flap configurations

2) The control problems associated with powered-lift stall

3) The flight operational problems of high lift

The discussion will consider how these factors are related for externally blown flap configurations.

2. MAXIMUM LIFT COEFFICIENT OF EXTERNALLY BLOWN FLAP CONFIGURATIONS

Although the usable lift coefficient is considered to be the mor-ei important design parameter, a
method for estimating the maximum lift coefficient is still requited. Reference 1 presents a theory for
estimating the maximum lift coefficient of wings with high lift devices. A leading-edge stall was assumed
in order to iix the loading at one point on the wing in the region of the leading edge. The flapped wing
was assumed to stall at the same local loading value as the unflapped wing, so that the maximum lift co-
efficient of the flapped wing could be related to the maximum lift coefficient of the unflapped wing.
Reference 2 extended this theory to obtain an expression for the simultaneous effect of jet flap blowing
and flap deflection on maximum lift coefficient. The current paper takes the approach that power-off
flapped data are available and a method is required to estimate the effects of blowing. The increment in
maximum lift coefficient due to blowing at a constant flap deflection can readily be extracted from Ref-
erence 2 (with a change in notation) to give:

AC (C) =AC (C)
max

This simple expression indicates that, at a constant flap deflection, the licrement in maximum lift co-
efficient due to blowing is three-quarters of the increment in lift coeff dent due to blowing. The lift
increment to be used in Equation (1) is the value at the power-on stall aigle of attack, as illustrated
½n Figure 2. This figure also indicates that there is a reduction in srtll angle of attack given by:

A. = 1- ACLmax(C )
s 3 CLa(C= O) (2)

Substituting the theoretica; expression for the two-dimansional lift increment developed by
Spence (Reference 3) into Equation (1) and using Equation (2) to elace the result to the power-off stall
angle of attack, an equation for the increment in maximum lift coLrficient due to blowing results.

AC (C 3-,TBoas + DO (3
ACLmax¼J/ = L + (3)

where a. is the power-off stall angle of attack and 6 is the effective jet deflection angle (a function
of the flap dcflection). For externally blown flaps, B. is a function of the effective blowing co-
efficient, Cj, and Do is a function of Cj and a developed flap chord ratio which takes into account any
Fowler motion. Expressions for Bo and Do are given by `pence in Reference 3. The .hange in stall angle
of attack associated with the lift increment of Equation (3) is given by:

1 [Boas + D0o (4)

2L lBf

Leading-edge devices generally increase the power-off stall angle of attack and Equation (3) illustrat(s
the resulting benefit in increased maximum lift capability. Equation (3) als, demonstrates that thee is
an increment in maximum lift coeffi-ient due to blowing even at zero flap defection.

Equation (3) has been used to calc-ilate the theoretical inrr-.,,ent in maximum lift due to blow-
ing for a number of externally blown flap configurations (Referen es 4-9), with flap deflections from
zero to 70' and blowing coefficients up to 3. The measured valucs of power-off tall angle of attack,
static turning efficiency and effective jet deflection angle were used for each configuration. The
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span loading of an externally blown flap configuration will differ considerably from an elliptical distri-
bution, and it is suggested that maximum lift coefficient may correlate.better with the three-dimensional
lift increment. The results given by Equation (3) have, therefore, been corrected for finite aspect.
ratio effects using the correction factor developed by Maskell and Spence in Reference 10. Figure 3"shows
that the aspect ratio correction worbens the agreement but reduces the data scatter slightly. This ap-
proach will be used.

It is easy to find reasons why the theory behind Equation (3) should not apply to a practical
externally blown flap configuration. -Again it is pointed out that the theory assumes a leading-edge stall,
and Reference 1 suggests that "it may well be easier to predict maximum lift coefficient in the presence
qf a powerful trailing-edge flap than it is for clean aerofoils." This could be true for plain leading
edges. In practice, however, the use of a powerful trailing-edge flap promotes t.he use of a powerful or
very effective leading-edge device to delay .leading-edge stall. In ýddition an externally blown flap con-
figuration is characterized by highly localized blowing effects near inboard-located engines in a wing
configuration that has highly loaded inboard sections. These factors tend to promote stall from the 9ut-
board trailing edge. This reasoning is supported by measuremeats of the effectiveness of conventional
outboard ailerons on a typical ex~ernally blown flap configuration, for example Reference 7. These data
show complete loss of aileron cffectiveness 6t the stall angle of attack. Thus, the basic assumption of
the theory, that a leading-edge itall is present, is often not true. Another consIderation is that ex-
ternally blown flap configurations are optimized for the power effects so that the flap gaps are larger
than would be chosen for an unpowered flap system. The power-off maximum lift coefficient tends to be less
than it could be if the gaps were optimized' for the power-off conditions. The increment:in maximum lift
coefficient in going from non-optimum power-off conditions Lu more optimum power-on condition- is, there-
fore, larger than if both were optimized separately. This is a possible reason for the measured incren.6nts
in maximum lift coefficient being greater than the theoretical values.

The results of Figure 3(b) all lie close to one straight line, indicating an empirical factor
to improve the correlation. The final expression then becomes: I

ACL (C 5.5 B0ARi AR + 0.637C• (5

max 1 l+B AR+ 2 +0.604/U' '+ 0876C
I' o/2 J.

This basic equation is not limited to externally blown flaps, of course, but it is not known whether the
empirical factor will change for other powdred-lift concepts.

A completely empirical approach can also be uged as in Reference 11., The maximum lift co-
efficient is reasoned therein to be a function cf tle total camber of the wing; and blowing is considered
to act as an effective camber incrdase. A measur. of the increase in camber is taken to be the component
of thrust normal to the airioil, nC sin 6. Figure 4 presents the increment inimaximum lift coefficient
due to blowing versus the normal coMponent of thrust, showing that the data all group around a 6ingle
curve. A comparison with the theoretical fcrm of Equation (5) indicates that this empirical approach can
only be an approximation. The approximation is expected to improve as flap deflectiob increases,,i.e.,
at typical landing and possibly take-off conditions, as supported by the data. Thus the curve of Figure
4 is suggested as a simple technique to obtain a rapid approximation to the increment tin maximum lift
coefficient for externally blown flap configurations.

One topic which appears to have received little attenticn to date is the pitching moment at the
stall. The outboard trailing-edge stall, as previously discussed, promotes extreme pitch up tendencies
as demonstrated by all the exte.nally blown flap configurations tested by NASA. Although artificial de-
vices such as stick pusL'rs are common, it would be desirable to have natural pitch-down at stall. This
requires that stall be initiated at the leading edge of the inboard portion of the wing. There is there-
fore a conflicting design problem, since the initial design effort is directed towards preventing pre-
mature separation at the leading edge of the wing. Some increment in maximum lift coefficient will have
to be traded for control of the stall characteristics. All swept-wing aircraft require attention to this
problem during thu design phase. The magnitude of the problem, however, increases with increasing lift
coefficient and is further compounded by the characteristics of the externally blown flap concept.

The angle of attack at which stall occurs is also a critical design parameter. Figure 5 illus-
trates the w~de range of pcwer effects on stall angle of attack which have been measured, indicating the
importance of design details (References 4,8,9,12). This figure shows that even with a large (19% chord)
leading-edge device, one configuration has a stall angle of attack as low as 2'. A typical STOL approach
path angle -f 7* would rcjult in a nose-down pitch attitude of about 15%. Thus although this configura-
tioi has a maximum lift coefficient of about 6 the pitch attitude makes this lift unusable. Another con-
figuration shows that a sigaifIcant increase in stall angle of attac1 is also possible, but this is also
undesirable because of engine-out characteristics. If power-on stall angleb are larger than power-off
stall angles, the wing with the failed engine stalls first so that extremely large rolling moments would
be producci at stall. Theý resulting motion would be uncontrollable and is certainly to be avoided, if
possible by minimizing the dependence of stall angle of attack on power.

Thus, although the excernally blown flap concept is relatively simple, the practical design
problem places great emphasis on the detail desigo. Ideally, the leading-edge devices should be optimized
to:

1) Obtain the greaLest possible benefit from the power effects

2) Minimize the dependence of stall angle on power

3) Promote initial stall inboard on the wing leading edge to p.romote nose-down pitching
moments at stall

7_



3. :CONTROL PROBLEMS ASSOCIATED WITH POWERED-LIFT STALL

Control effectiveness is a major design consideration for STOL aircraft. Not only do the con-
trol power requirements for maneuvering become more severe as flight speed is reduced, but the requirement
to trim' asymmetric conditions resulting from an engine failure can be as important as the maneuver require-
ments. Some aircraft have eliminated the asymmetries due to engine failure by coupling the propulsive lift
effects between right and left wing panels. Examples are the interconnected propellers of the Brequet 941
and the eross-ducted boundary layer control system of the Boeing model 367-80 (707 prototype). It would
be extremely difficult, however, to effectively couple the engines of an externally blown flap configura-
tion. The asymmetric forces and moments must be accepted, and the control system must then be designed to
provide trim plus maneuver capability. Various lateral control system possibilities are available, and
will be considered in turn.

The asymmetric moments are functions of both the configuration and operational procedures. This
discussion considers only representative values, therefore. Values of rolling and yawing moments for each
of the most promising control systems are presented in Figure 6 (References 7,8,13). Typical values of
the required rolling moments and available yawing moment from the rudder after trimming the engine-out
yawing moments are also presented.

Tq provie roll, a spoiler can be deployed on the opposite wing to the failed engine. Spoilers
do have the advantage of generating favorable yawing moments, however the generation of sufficient rolling
moment entails an appreciable lift loss. The data of Figure 6 involve a decrement in lift coefficient of
approximately 1.0. This lift loss due to spoiler control adds to the reduction in lift due to loss of
power. In ad4ition, spoilers can also adversely affect the stall angle of attack. Thus trimming engine-
out conditions with spoilers will give an appreciable penalty in usable lift.

Lift loss due to engine failure can be minimized by increasing the flap deflection on the wing
with 'the failed engine and reducing flap deflection on the opposite wing. This arrangement can develop* sufficient rolling moment for trim but the adverse yawing moments that it produces represent an impossible

design condition for the rudder.

By themselves conventional ailerons of a practical size are not effective enough to trim the
typical rolling moment values due to an engine-out for externally blown flap configurations. Depending on
the configuration, the required rolling moment may be achieved using boundary layer control ailerons with
supercritical blowing, i.e., more blowing must be provided than the amount required to just produce at-
tached flow. Also, with sufficient blowing the ailerons Lan be drooped to minimize lift loss. The data
of Figure § show that BLC ailerons produce little yawing moment compared with conventional ailerons or
differential ilap deflection. The reason for this may be conjectured by considering the spanwise loading
distribution. The effect of power on an externally blown flap Is to highly load the inboard sections of
the wing. The effective aspect ratio, and hence the span efficiency, is quite low. Deflecting the blown
aileron can be expected to improve the spanwise load distribution and hence the span efficiency. The ex-
pected increase in induced drag on the panel may then be b.1aaced by the increase in span efficiency with
correspondingly small induced yawing moments.

The preceding arguments indicate that BLC ailerons are generally the most efficient single
lateral control device for externally blown flap configurations. The optimum control system will obviously
depend on the total vehicle configuration, and could easily require a combination of control devices.

Engine failure is an important consideration in determining the proportion of the maximum lift
capability that is usable. The lateral control concept has been shown to be a factor in determining the
engine-out trimmed lift, and can also have a significant impact on the stall characteristics of the blown
wing. As indicated in the previous section, a wing with an externally blown flap will tend to stall first
in the region of the aileron panel. The use of BLC ailerons may reduce or eliminate this tendency.

4. FLIGHT OPERATIONAL PROBLEMS WITH HIGH LIfI (POWERED-LIFT)

Regular operation of STOL transport aircraft will require special consideration of stall margins,
and STOL performance rules in general. The 'ederal Aviation Regulations for conventiona! aircraft have
been modified to apply to powered-lift configurationr (Reference 14). NASA has also suggested a set of
requirements that are based on flight rest experience (Reference 15). There is still much controversy
about STOL performance rules, however, and some comments on stall margins are presented in this section.

Figure 7 illustrates the operational envelope of a typical STOL transport. Although operation
within this entire envelope is possihle, margins indicated by the cross-hatching are applied to the
bo,.ndaries of the envelope for safety reasons. In particular, a margin is required on the naximum lift
or Vmin boundary to provide a margin for control of glide path angle by the pilot. A margin is also re-
quired to prevent excursions outside the operational envelope caused by inadvertent ipsets due to gusts.

The maneuver aspect of the conventional speed margin is equivalent to a load factor margin. In
addition, the initial aircraft respoose to gusts is mainly sensed as an increment in normal acceleration.
Thus there is justification for using a load factor margin in placp of the ncrmal speed margin.

Conventionally, a speed margin is equi.palent to providing normal acceleration, or load factor
margin, given by:

V
2

An = 7- 1

Thus a conventional landing at V - 1.2 V. would imply ? lcad factor margin of 0.44g. The same basic re-
lationship holds foi powered-lift configurations, but thr conventional stall speed is now replaced by a
minimum speed, VmIn, the value of which accounts for engine-out stall speed, power setting, ninlmum
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control speed, etc. rte results of the flight tests reported in Reference 15 indicate a mean approach
speed of 1.15 Vmin was selected as adequate by the pilots. This implies a ig load factor margin of

v2 - 1 = 0.32

m~in

The reduction from 0.44g to 0.32g is a significant amount.

In addition, a Ig stall implies reducing airspeed at constant power. As a result the non-
dimensional thiust coefficient, C., increases with a corresponding increase in the maximum lift coefficient.
On the other hand, small or rapid maneuvers are made at essentially constaut airspeed and power, i.e.,
constant Cu, resulting in a lower maximum lift coefficient than the Ig stall value. The maneuver load
factor margin is therefore less than the lg load factor margin, if dynamic overshoot is ignored.

In the landing approach configuration of a powered-lift system changes in thrust provide a sig-
nificant load factor capability which is a function of the actual power setting. This capability of STOL
aircraft may be expected to offset a portion of the required load factor capability due to angle of
attack, so that a smaller speed margin or load factor margin is acceptable. This trade-off is discussed
fully in Reference 15, in justifying the 1.15 Vmin or 15% speed margin.

This suggested speed margin should be qualified to apply to rates of sink less than 800 ft/mmn.
The flight test data presented in Reference 15 show that a larger speed margin was chosen for rates of
sink greater than 800 ft/mmn, except when a complete flare was not done during landing.

In order to complete the rationale for choosing a particular stall margin, it is also necessary
to consider the susceptibility uf the aircraft to inadvertant upsets such as gusts. As airspeed de-
creases, a constant gust velocity represents a larger change in angle of attack. For a powered-lift
system, however, it may be assumed that equilibrium flight at reduced airspeed is achieved by using more
power. Thus, at reduced airspeeds a smaller proportion of the total lift is "aerodynamic" (i.e., circu-
lation lift as opposed to thrust component), rzking the aircraft less dependent on angle of attack changes.

r Figure 8 illustrates this reduction in aerodynamic lift for a range of externally blown flap configurations
(References 4,5,7,9, and 16).

To gain some insight into the susceptibility of powered-lift aircraft to gusts, values of the
initial normal acceleration due to a step gust have been calculated for a number of externally blown flap
configurations. In this calculation it was assumed that the thrust vector as unchanged while the aircraft
experiences instantaneous changes in angle of attack and dynamic pressure, and an instantaneous rotation
of the circulation-related force vector. These changes cause an increment in the force perpendicular to
the initial flight path, which in turn yields a normal acceleration. In order to yield typical numbers,
a wing loading of 80 psf. and a 10 knot gust perpendicular to the flight path were assume(l. The results,
presented in Figure 9, show that there are only small and inconsistent effects of power on the initial
normal acceleration due to the gust. This means that that portion of the operational margin required to
protect against upset by vertical gust can be taken to be the same as for conventional operation (zero
thrust coefficient). The data of Figure 9 indicate that a load factor margin of approximately 0.2 to
0.25g is required to counteract a 10 knot gust.

A gust along the flight path causes only a change in dynamic pressure, with no change in angle
of attack until the airplane has had time to respond. At the airspeeds consistent with a 2000 ft field
length the initial normal acceleration due to such a gust is less than that caused by a vertical gust of
the same magnitude.

The preceding analysis considered only the initial acceleration due to a step gust, whereas a
full analysis would consider the complete response. As this is a function of individual airplane charac-
teristIcs it is not easy to generalize and is beyond the scope of this paper. In addition flight in tur-
bulence must also be considered with respect to stall margins. This is a more difficult problem, however
analytical progress is being £,2.. L.ards defining the stall in unsteady flow. For oscillatory motion,
Reference 19 calculates the reduction in advetse pressure gradient on the airfoil surface, which implies
a delay of the stall. It is well known that small transient excursions beyond the static stall angle of
attack will not cause a stall. This phenomenon needs further study to obtain an analytical solution to
the unsteady stall problem, before the dynamic alleviation of stall can be considered in formulating re-
quired stall margins.

For a powered lift system additional load factor capability is available by increasing power.
This capability offsets some of the required stall margin due to angle of attack, re-ulting in an accept-
able stall margin which is lower than conventional practice, as supported by flight test results. The
load factor margin should Le based more on usable lift than absolute maximum lift. At any flight condition
the relevant value of maxi',ium lift is obtained at that particular p.wer setting. Another consideration in
determining maximum usable lift is the minimum control speed. Considering the fliFht test results plus a
simple consideration of gust effects, a load factor margin of 0.3g is suggested.

5. CONCLUSIONS

A theoretical method predicts with reasonable accuracy the increment in maximum lifc coefficient
due to power for externally blown flap configurations. An empirical factcr is used to provide good corre-
lation with measured values. A completely empirica] apprcach is also suggested as a simple technique to
obtain quick and reasonably accurate approximations to the increment in maximum lift coefficient.

Engine failure causes large asymmetric forces and noments, producing a significant impact of the
lateral ccatrol system on the total airplane design. The most effective lateral control system uses
boundary layer control ailerons with supercritical blowing.

181
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A load factor margin of 0.3g is suggested as the basic stall margin to replace the conventional
speed margin of 1.2 Vs.

With a powered-lift system, sufficient power can be used to generate almost any value of lift
coefficient. In practice, however, a usable lift coefficient is desired. For an externally blown flap
configuration maximizing this usable lift coefficient represents a complex design problem, which includes
optimizing the lateral control system and leading edge devices as well as the trailing edge flaps.
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SUMSAf.Y:

It is a primary design requirement of a military trainer
aircraft that the stalling characteristics are such as to give
warning of the approach of the stall as well as marking it by
a clear drop of the aircraft nose without excessive wing drop.
Lateral, directional, and pitch control nust be available up to
and above the stall. Flight experience on the B.A.C. Mk.5 Jet
Provost is used to illustrate tnisj as the subject of this paper.

The B.A.C. Jet Provost l!k.5 and Strikemaster 167 aircraft
are developments of earlier versionsembodying a pressurised cabin,
more thrust and greater armamEnt. The snape changes involved on
the intake and front fuselaee caused a change in maximum lift and
stalling characteristics, resulting in too mild a stall for training
demonstration. Considerable flight development was necessary to
achieve the desired characteristics of a clearly marked stall with
adequato warntng of approach without penalty on maximum lift and
witnout involving large aircraft modifications.

The development is described and possible procedures for
achieving stall warning on future aircraft of the type are
suggested.
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I INT RODUCTION

The Mark 4 Jet Provost,, in service with the Royal Air Force is 4 side by side
two seat trainer with an unpressurised cabin (Figure 1). The Mark 5 (Figure 2) is a develop-
ment with a pressurised cockpit to give better usage at high altitudes, which was first flown
in 1967, and has been in service use since September 1969. The Szrikepaster an even
further development of the lMarl 5 with a more powerful engine and substantial ground attack
armaments, has been in production since August 1968 and is in serviue in nine countries.

The aerodynamic modifibations involved in the change from Mark 4 to Mark ý and
Strikemaster were considered minimal (Figure 4). They were can•ged cockpit lines, a wider
intake with diverter, and. the necessary revision of fairings. In the event, they changed
the stalling behaviour considerably and the spinning behaviour slightly, and a significant
amosrt of flight development was involved to achieve satisfactory clearance.

Before describing this, it seems worth making two digressions - one on desireble

stall characteristics and-the other on the Mark 4 Provost history.

2. STALLING CHARACTERISTICS

Desirable stalling characteristics differ somewhat for different types of
aircraft. An ideal characteristic for a combat aircra°t might be thought to be a stall
which occurred gradually without nose drop or wing drop, in which.deep s tWll penetration
was possible maintaining full control of attitude without loss ot lift, with increasing
buffet and touchiness in roll and pitch providing warning of penetration, and with straight-
forward recovery possible at any time by moving the st~ck forward.

This was the stall behaviour we got on the Hark 5 Provost - by accident rather
than design. It was not, however, what our Pir Force required from a training aircraft, as
several discussions with them made clear. What a training aircraft wants is a stall clearly
defined by a sharp nose down pitch, with a minimum amount of wing drop, preceeded by natural,
warning in the shape of buffet. This is clear and sehsible.

The earlier Provosts had been developed by ad hoc flight testing to give just
this characteristic, together with a spin which was regular, easily achieved and from which
a clean recovery could be made. Tni-, resulted in win6 and tail dections modified from theirl
original form by various leading edge changes as follows:

aing root - leading edge camber increased

;'ing tip - leading edge sharpened and camber reduced.

Tailplane - leading edge sharpened in order to bring about stalled
flow in the spin.

This gave us sections without any backgrbund of two dimensional testing, pnd which
"were not too amenable to theoretical treatment. (Figure 6). ,

In addition, a modification had been made early in the life of the Provost to reduce

the tailplane height, by putting a bend in the fuselage just aft of the wing, in order to increase
stall warning buffet by bringing the tail into' the wing wake.

3. MARK V JET PROVOST

This brings us then to the Mark 5. The pr'oblems - maximum lift was low with flaps
down (CLmax = 1.75 compared with a require 1.85) with an associaied small losslin airfield
performance. The stall characteristics flaps up and down lhc.ced the reeuired sharp nose down
pitch to define the stall (Figure 7). stall warning existed in the form of buffet - not so
much prior to the rather indefinite stall as occurring with increasing intensity as tbr stall
was penetrtted. We needed to improve maximum lift and stall definition, keeping or introducing
stall warning, without of course, introducing any modification which would mean higher crosts in
manufacture or delays in prL.duction, or which would adversely affect spinning or high Mach
number behaviour.

Our initial analysis was that ell the critical features were a function' of a pre-
mature stall in the wing root caused by changes more or less local to the root region.
Improving CL max could well automaticOly givela more defined stall and nose down pitch and
the hibser incidence would take the wing wake up onto the tailplane to give the standard
prestall buffet. The first' bhase of flight testing therefore concentrated on CL max improve-
ment. The .ýing root fairing was extended and reshaped. Tnd intake external line was altered
and tro wins loading edge modified in the root area (Figures 8, 9)

These changes aere successful (see Figure 10) Max CL was increased from 1.75 to

1.95 (beyond the Mark 4 value) flaps down, and from aoout 1.%) to 1.40 clean. The stall was
marked by a clear pitch down Yitn flaps up and down, but stu.ll warninb disappeared both with
flaps up and flaps do,ea. This level oi' lift, hoyever, gave us a margin to work on and our
second phase of testing concentrated , achieving stall warning. The use of artificial stall
wern-ing was considered but left as a last resort.

1,91



17-1

.1

FIUGHT DEViMOP T OF TH9 STAIiLNG CW.AT;TDISTICS

S' ~ OF A IHLITARY TRAWIN AIRI.FT.

W.D.Horsfield
-I Chief Aerodynamicis(,

G.P.Wilson

Aerodynamics Department

British Aircraft Corporation Limited,
Military Aircraft Division,

Warton Aerodrome,
WARTON, Nr. Preston,

Lancashire

SUZUARY:

It is a primary design requirement of a military trainer
aircraft that the stalling characteristics are such as to give
warning of the approach of the stall as well as marking it b;
a clear drop of the aircraft nose wiithout excessive wing drop.
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the intake and front fuselage caused a change in maximum lift and
stalling characteristics, resultinp, in too mild a stall for training
demonstration. Considerable flight development was necessary to
achieve the desired characteristics of a clearly marked stall with
adequate warning of approach without penalty on maximum lift and
witnout involving large aircraft modifications.

The development is described and possible procedures for
achieving stall warning on fatýre aircraft of the type are
suggested.
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4. STALL WARWLN

fy this stage, it had become necessary to know more about the flow development,
and, for instance, whether the standard Mark 4. warning caqe via the aileron to the stick, the
elevator to the stick, or in the form of general airframe buffet from the wings or the impingement

•, of the wing wake on the tailrlaen•

Vibration instrumentation was not readily available, so these issues had to be
settled by experiment and argument. Overall, this pointed to wing wake impingement on the
tailplane as the most important source of stall buffet. Somb flights were done with depth
tufts on the tailplane lower surface, and with streamers from the wing, which indicated that
the wake only marginally reached the tailplane but that this mechanism did exist. The use
of wing airbrakes was known to cause buffet of the same character as the Mark 4. prestall
buffet and this was demonstrated by use of the depth tufts, to come from impingement on the
tail.

Sind tunnel tests had previously been put in hand to see what sort of modifications

would influence the root stall, though much latitude had to be a~owed for interpretation in
view of the low Reynolds Number of 1.0 x 106 compared with 6 x 100 in flight.

Fliiht tests were carried out with wing tufts to examine stall progressions on both
Mark 4 and Mark 5 (Figures 12 and 13). These showed the difference in a quantitavive form,
tying up with the different behaviour - the Mark 4 developing slowly at first, then spreading
to give pitch down, the Mark 5 having an immediate rapid spread. Three lines of geometric
change were then followed in flight testing, on the philosophy of sacrificing some lift in order
to develop warning.

First, since the fuselage/wing root fairing change had powerfully cleaned up the
stall, it seemed possible to alter this to a shape which would allow a trailing edge stall to
develop to give buffet, but to stage its progression to the leading edge so that a few knots
warning occurred before major loss of lift and hence pitch down - on the lines of Figure 14.

A systematic series or root fairings were tested in flight (Figure 15) - built up
by glueing balsa planks to the airframe and then cutting to the requireir shape. This could
be done quite easily - a fairing could be completely changed in shape overnight in a way
impossible for metal work - and the construction stood up to use at quite high speeds very well.
The same technique with fabric doped over the finished shape, was also used successfully for
the more highly loaded leading edge modifications.

These tests were unsuccessful. Taking away parts of the big fairing from the
trailing edge we kept CLmax with no prestall bufet until reaching fairing C, when the air-
craft reverted to low CL's with buffet - its original behaviour. Building up from the front,
CL stayed low with no nose down pitch until -bang- high CL's no buffet. The fairing was the
trigger mechanism between the two types of behaviour, and there was no compromise.

Secondly, following up the fact that airbrakes gave buffet, ne found the necessary
spanwise extent of obstacles necessary and tried a similar approach, of inducing a trailing
edge stall but trying to arrest its extent to allow some buffet to develop, using section bumps,

after carrying out hopeful calculations of boundary layer separation. These
bumps made no difference whatsoever.

Having failed by these means to control forward movement of the stalled area, we
were evidently not developing a sufficiently large area of separated flow before the stall
proper, and were not getting it high enough to strike the tailplane. 7e therefore needed
more incidence. Consequently we tried a further improved wing leading edge (Figure 17) plus
vortex generators set to control outward stall progression and also to give vortex formation
in a direction to lift the aeparated inooard wake. After some experimenting with vortex
generator position, this was completely successful (Figure 18). An adequate value of CL max
was obtained, a satisfactory nose down pitch occurred without wing drop, and prestall buffet
was obtained both flaps up and down. The modifications were relatively easy to apply to the
production aircraft, and were cheap and light. The main disadvantage was a loss of a few
knots in top speed, due to vortex generators.

Flight test and Aerodynamics congratulated themselves on solving the problem.
Design Office and the work shops grumbled about how long they had taken.

As a last test, before setting out to clear the spinning and high speed behaviour,
we decided to try u further modification we had in the pipe line - a small vane, half vortex
generator and half a low aspect ratio slat, positioned in front of the wing leading edge at
the root (Figx-e 19) This was added to the developed cunfiguratiun. This gave even better
results - higher CL and more pronounced buffet warning - due to both partial suppression of
the stall and a stronger vortex to help lift up the wake.

,,e fitted this vane on its own to a .$trikeraster with the original wing and intake,
and found that it worked well when associated with a small fence under the intake to reduce

4 tne crossflow out over the wing root.

This fence existed on the Strikemaster as a gun housing. It had to be added to
the Mark 5. ,e were then able to do away with the wing leading edge change, thq fairing
change, and the vortex gen6rators and reach all our objectives, so that we had a very simple
and elegant solution. die subsequently tried optimising the vane position, but any movement
virtually nullified its effect, so wa left well alone.
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5. FIIAL RELARS

The buffet felt by a pilot, of course, depends on many features of the aircraft,
even when it is narrowed down to airframe vibration rather than control surface/stick movement.
The most important variables are

I. Extent and position of the originating region of disturbed flow.

2. Any further impingement of disturbed flow on the airframe.

3. Dynamic pressure - i.e. aircraft speed, which scales the whole input to the
system.

4. Position of the pilot in relation to the airoraft vibration modes.

t5. In the case oZ prestall buffet, rate of arproach to the stall.

6. Structural/Aer odynamic damping.

Complicating features in any flight investigation are also structural response to

turbulencev and pilot's threshold effects.

The first four of these effects can fairly readily be appreciated, butz the
importance of the rate of change in such tests as stall approaches can be over loked. In the
case of the Provost, a 'fast' approach gave appreciably high lift coefficients, -s in Figure
20, but less warninZ.

The effects of speed and pilot threshold effects were also clearly demonstrated
in the flight investigations, when we found that with configurations such as In Pigure 10,
buffet prior to the 'g' stall at higher I.A.S. was noticable to the pilot whurzas it was
inadecuate at the low speed I 'g' conditions.

6. APPLICATION TO OhER aInCRAFT

This work and experience with other aircraft suggested that an inboard stall with
wake impingement on the tailplane would always give a positive pre-stall warning. This is in
contrast to aircraft like the Lightning where we had plenty of buffet before the stall from
vortex flow breakdown on the wing tips, but in general this covered too much of the incicence
range to be usable in the context desired for training. In the proposed design of a new
trainer for the Royal Air Force, therefore, we used a technique of measuring wing wake position
in the tunnel in order to give some better guidance as to the vertical tail position needed.
A pitot rake (Figure 20) has proved to be useful as well as tufts, and wo have had some
interesting results (Figure 21 ) Neglecting Reynolds number for a moment, the wake positions
showed that we could expect difficulty in getting adequate pre-stall buffet with flaps up and
down - if we had the tail low enough for the flaps down case we might -.-.ell be too low with
flaps tUP, giving premature buffet dying out just before the stall. .e were, however, able to
find a position which we regarded as just satisfactory, since the wake flaps down was quite
extensive.

,thether it would have been satisfactory in flight we shall never know, as the
contract for that aircraft has gone elsewhere. It would however, have been very interesting
to see how useful low Reynolds number tests could be as a guide in this sort of problem.

To speculate a little :

1. One might well expect the prestall wake to be thinner at higher Reynold's number. Will
this extend to a partially stalled wake ?

2. How far will disturbed flow exist outside the actual wake ? Some evidence suggests to
twice the wake width.

3. Does a higher Reynold's number change the mean wake position at a given incidence before
the stall ?

L. Does the spanwise pattern on the wing remain sufficiently the same, together writh the
wing stall characteristics. i.e. can one extrapolate the low heynolds number result to
a high Reynolds number stall incidence; will the rate of progression of the stall -
which is what this is all about be sufficiently the same ?

de believe that low Reynolds number testing can be used as a guide, but that
anyone trying to solve this problem of providing good stall warning should budget for a
reasonable period of flight development on a prototype, with tail height an important
variable.

This paper has been about stall warnr.ng. I hope it will be useful to anyone
with similar interests. A ,1
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STALL/POST-STALL 
CHARACTERISTICS

OF 'ME F-4I1 AIRCRAFT

by

Char'Las A. Anderson
Aerosystems Group Engineer

Stability and Control
General Dynamics

Convair Aerospace Division
Fort Worth, Texas

This paper contains a description of the sta!l/post-stall characteristics of the F-ill

aircraft. Theqe characteristics have been defined on the basis of wind tunnel tests, free-flight
model tests, radio-controlled drop-model tests, analytical analysis, and flight tests. The extent
of each type of testipg will be discussed in detail and a brief sunmmary of results will be pre-
sented. An attempt will also be made to compare the results obtained from the various model tests
with flight test results where applicable.

A discussion of the regression techniques used to obtain aerodynamic derivatives in the
Convair high-angle-of-attack simulator will be discussed and its usefulness assessed.

A summary of the conclusions drawn during the conduct of the program will be presented.
An attempt will be made to establish the limitations and go9d points of each method used for pre-
dicting full scale results. Recommendatior. will also be made on the manner in which future stall/
post-stall/spin prevention programs should be conducted.

NOTATION

Symbol Definition "nits Symbol Definition Units

A/C, A/P Aircraft or Airplane 5 a Aileron Deflection Deg

PRE-SWIP Aircraft I - 30 Sr RudddT Deflection Deg

SWIP Aircraft 31 and On 8Sp Spoiler Deflection Deg

Re, RN Reynolds Number Per Ft Cl Rolling Moment Coefficient

V Velocity Ft/Sec Cn Yaw Moment Coefficient

a Angle of Attack Deg Cy Side Force Coefficient

a Rate of Change of Deg/Sec CA Axial Force Coefficient
Angle of Attack

CN Normal Force Coefficient
S~Angle of Sideslip DegAnge f idslp egC, Pitching Mottent Coefficient

Rate of Change of Deg/Sec
Sideslip Angle p Body Roll Rate Deg/3ec

8e SH Horizontal Tail Deg q Body Pitch Rate Deg/Sec
Deflection

r Body Yaw Rate Deg/Sec

1. INTRODUCTION

The F-ill is the first American production aircraft to incorporate a variable-sweep
wing and a self-adaptive flight control system. Since the beginning of the F-Ill program, a number
of studies have been undertaken to determine the stall/post-stall/spin characteristics of the air-
craft. In this paper, my objective is to review these studies, to summarize the advantages and
disadvantages of the various investigative methods, and to present the more significant results.

Methods employed to date during F-11 stall/spin investigations have inaluded vertical
wind tunnel tests, free flight model tests, radio-controlled drop model tests, analytical studies,
simulation, and full-scale flight tests. Results of these investigations show that the stall/post-
stall/spin 'haracteristics of the F-ll1 are similar to those of current high-speed, low-aspect-
ratio, swept wing aircraft.

On the basis of experience gaincd during the F-ill program, it appears feasible to pre-
dict the stall/post-stall/spin characteristics of an aircraft by means of analytical programs in
which use is made of a reduced amount of full-scale flight testing.

2. DISCUSSION

This paper is directed to a definition cý stall, post-stall, and spin characteristics
of F-1l1 aircraft along with a description of the testing conducted to determine, these character-
istics.

199n



18-2

2.1 Stalls

4 During an approach to stall, control effectiveness about all axes is good. In the
cruise configuration, buffet will be encountered before stall angle of attack is reached but may
not be usable as a stall warning since it tends to reach a constant level at angles of attack well
below stall. In the landing configuration, adequate stall warning in the form of buffet is not
availaule either. Artificial stall warning,in the form of a rudder pedal shaker and an audio vis-
ual system,has been incorporated in the aircraft.

As the stall angle of attack is approached, a !imall amount of low-amplitude, lcw-fre-
quency wing rock or wing drop may occur just before the aircraft departs, but this action may be
masked by the actiou of the roll damper. Roll control effectiveness will be rapidly degraded as
the departure angle of attack is reached, and the pilot's workload required to maintain the desired
aircraft attitude will be noticeably increased. Aircraft directional stability will also be rapidly
degraded as the duparture angle of attack is approached; however, this degradation may not be readily
apparent to the pilot. Elevator effectiveness will be good up to and slightly in excess of the de-
parture angle of attack.

At departure, the aircraft will diverge in yaw and roll. The initial divergence will
occur in yaw and may give the pilot the impression of slioing, as on ice, if appropriate cues are
available, such as the horizon or another aircraft. Roll divargence will follow as a result of the
roll-due-to-yaw characteristics of the aircraft, along with further yaw divergence. The yaw and
roll divergence are generally smooth and gradual at first. No sudden loss of lift, "g" break, or
suddun stick force changes are available to warn the pilot of impending departure.

in general, the aircraft flying qualities are such that, unless the pilot monitors angle
of attack, he may not be aware of an impending departure and may be completely surprised to find
that control has been lost. Rapid roll divergence is usually the first recognizable Due that the
ai4.raft has departed from controlled flight.

2.2 Post-Stall Gyration

Post-stall gyratious are normally encountered during deep stall penetration (angles of
attack in excess of 25 to 28 degrees) and after spin recovery. These motions may be mistaken as
the incipient phase of a spin. Post-stall gyrations entered from unaccelerated 3talls with flaps
and slats extended or retracted are usually characterized by yaw divergence (yaw slice) at stall
which, because of the roll-due-to-yaw characteristics of the aircraft will produce roil divgrgence.
As the aircraft nose passes below the horizon, the aircraft may appear to be entering a spin aippz
the combination of aircraft pitch, roll and yaw attitude may result in a tight nose-down spiral.
In some instances, the aircraft may also enter a series of rolling maneuvers which can be mistaken
for a spin because of the nose-down attitude of the aircraft. Post-stall gyrations entered from
accelerated conditions are expected to exhibit the same characteristics as those entered from un-
accelerated conditions except that possible roll reversals and/or yaw reversals may occur. These
reversals are due to yaw divergence and will normal., result in rolling over the top or under in
a turn and yawing through approximately 180 to 270 degr.,s. During this yawing excursion, the
aircraft nose will rise briefly and then fall below the horizon. After the initial yaw, roll, and
pitch maneuver, the aircraft will exhibit post-stall gyration characteristics similar to those en-
countered after unaccelerated entries.

2.3 Developed Spins

Developed spin entries are usually a result of ve.y deep stall penetration or improper
application of spin recovery controls. The flight testing has not been completed Dn the aircraft;
consequently, the spinning characteristics of all configurations have not been confirmed. Flight
testing conducted to date has been limited to 26 degrees of wing sweep without external stores and
with flaps and slats retracted. Spin investigations conducted during wind tunnel testing have in-
dicated that the aircraft exhibits a tendency to enter a spin in any configuration and at all wing
sweeps. Huwoyer, limited flight test results to date have indicated a reluctance of the aircraft
to enter a deve 'ped spin. Spin entry from a 1 "g" stall with symmetrical controls has been pos-
sible in some instances in the wind tunnel but has not been encountered during the limited flight
testing conducted to daW. During model testing, pro-spin rudder and/or lateral control at stall
produced spin entries in all configurations tested. Pro-spin rudder was the only method by which
a spin was induced during flight tests. Crossed controls at or before accelerated stalls could
likewise produce abrupt entries into erect or inverted spins and should therefore be avoided.
The aircraft is expected to enter spins from both upright and inverted conditions and is expected
to exhibit both upright and inverted spin modes.

2.3.1 Upright Spins

Upright spins are expected to be primarily oscillatory in nature with excursions of up
to +35 degrees in pitch and +35 degrees in roll. The spin rates can vary from 4 to 10 seconds per
turn. The oscillatory mode appears to be the most predominant spin mode and is expected to exhibit
the following characteristics. During the initial phase, up to completion of the first turn, the
aircraft motions are expected to be very similav to those of a post-stall gyration. After comple-
tion of the first turn, the spin rate should stabilize, and definite pitch and roll oscillations
should be apparent to the pilot. The pitch oscillation will usually result in movement of the
nose from approximately 50 degrees below the horizon to 10 degrees above the horizon. Wind tunnel
tests have also indicated that a flat spin mode may be ancountered at wing sweeps aft of 35 degrees.
This mode appears to be relatively free from oscillation about any axis, and the spin rates are
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expected to vary from 2 to 4 seconds per turn. The spin rate encountered in a flat spin can pro-
duce pilot loads up to 5.0 g's transverse (forward). The flat spin mode should rarely be encoun-
tered, and it is believed that it would develop only after an oscillatory spin has been permitted
to build up for several turns.

2.3.2 Inverted Spins

Inverted spins are expected to be very similar in nature to an upright oscillatory spin
except that the crew will be subjected to a negative "g" condition.

2.4 Model Tests

The model testing conducted during the F-1ll program has been extensive in some areas
and lacking in others. Considerable testing has been conducted in the vertical and free flight
tunnels, along with radio control drop model testing. Very minimal force and rotary derivative
testing at high angle of attack has been conducted.

2.4.1 Vertical Tunnel Tests

The vertical tunnel testing conducted on the F-ll1 is sunmnarized in Figure 1. As can
be seen in this figure, considerable testing has been conducted. This testing has consisted of
determining basic aircraft spin modes, predicting recovery controls, and sizing the spin recovery
parachute system. The testing was conducted with a 1/40th-scale model at a Reynolds number of
approximately 80,000. As can be seen, the Reynolds number for this type of testing is very low;
therefore, it is felt that test results from this type of testing should be used with caution.

The results obtained from these tests

NUMBER OF TESTS .2000 F-IlA S have indicated that the aircraft can exhibit both
oscillatory and flat spin modes and that it will. 00 F-1lls SWIP spin readily. The tests have also shown that

WING SWEEPS CLEAN A/P 26°, W, 72.5' the aircraft may be slow in recovering from
FLAPS DOWN 20' PRE.SWIP developed spins. The very limited flight tests

MODEL 1/40 SCALE RE - 0.8 MILLION/FOOT conducted to date have neither confirmed nor
dtnied these results but have indicated that
the aircraft is reluctant to enter a spin.

FIG. I VERTICAL SPIN TUNNEL TESTS
On the basis of the flight test and

analytical results obtained to date, it appears
that the following conclusions can be drawn regarding the usefulness of the vertical spin tunnel
data.

1. As a result of scaling and Reynolds number effects, the results tend to be pessimis-
tic and the data obtained from this type of testing should only be used to examine
possible spin modes, areas, general trends, and preliminary reconmmended recovery
controls and to size a spin recovery parachute system.

2. As a reault of the required testing techniques, no information :Rn be obtained
regarding entry and post-stall characteristics and no reliable technique is
available for accurately extrapolating these results to full scale.

2.4.2 Free Flight Tests

Extensive free flight model testing has been conducted on the F-ll1. The testing was
conducted by using a 1/10-scale model in the Langley full-scale tunnel at a Mach number of approx-
imately 0.10 and a Reynolds number of 375,000. Tests were conducted over a wing sweep range of
16 through 72.5 degrees and a lift coefficient range from approximately 0.5 to 2.2. The tests were
accomplished by actually flying the model until stall or departure angle of attack was achieved.

In general, the results of the testing have shown that the aircraft stall will be de-
fined by yaw or roll divergence. The angle of attack at thich divergence was observed is pre-
sented in Figure 2 as a function of wing sweep. This data ,:s used to set the angle of attack

limits for the F-1ll and these limits are shown
4 1 I in this figure. The limits were set to main-

MODEL YAW DIVERGENCE tain at least 8 degrees of margin below stall
at 26 degrees wing sweep and 10 degrees of
margin at 72.5 degrees w;ing sweep. Also shown

. 0in Figure 2 is the angle of attack for which
20 - ____ stability axis static directional stability

. .. .(Cnp) is calculated to be zero. The data used
0 I HANDBOOK lIMIT for this calculation was obtained from static

io 0 - - force tests conducted on the free flight model
Z o Angle of Attack at which and will be discussed in a later section. The

Right te.•t o,,Plao d,,td diffe'ence between the model and predicted di-
o0 20 30 40 so 60 70 80 vergeace angle of attack is probably due to

WING SWEEP--DEGREES obtaining sone effect from Cn6 dynamic on the
FIG. 2 PREDICTED YAW DIVERGENCE; OUNOARY model

The departure angles of attack obtained from the flight testing conducted to date arealso presented in Figure 2. As shown, good correlation is obtained between the model yaw diver-gence angle of attack and the flight test values except possibly at wing sweeps forward of 35

- -~~ 54-~--,-,---- -,~kn-
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degrees. The low value of Reynolds nunber at which the free flight model tests were conducted
could have resulted in more pronounced flow seiaration at wing sweeps forward of 35 degrees and
thus more conservative values of yaw divergence.

On the basis of analysis and comparison with flight test results, the following conclu-
sions about the usefulness of the free flight model can be drawn:

1. The free flight model is extremely useful 'n determining the stall or divergence
angle of attack and in setting initial angle of attack limits for flight test, but
as a result of the limitations of the testing techniques that must be used, infor-
mation on aircraft characteristics after departure cannot be obtained.

2. As a result of the low Reynolds number at which the testing was conducted, the yaw
divergence angle of attack determined from the model may be conservative for the
case of the forward wing sweeps.

2.4.3 Radio Control Model Tests

The radio control drop model testing conducted on the F-Ill is summarized in Figure 3.
As can be seen, a fairly comprehensive program
has been conducted to determine basic aircraft

NUMBER OF TESTS 47 F-111A PRE-SWP entry, pýst-stall, and spin characteristics and
to define acceptable recovery techniques.WING SWEVS CLEAN A/P 26, 41' 50W, 72.5'

MODEL 1/9 SCALE RE -1 . MIWON/FOOT The testing was accomplished by using
a 1/':h-scale radio controlled model of the F-111
at a Reynolds number of approximately 1.0 million.

FIG. 3 RADIO CONTROL DROP MODEL TESTS The model was controlled from the ground and in-

corporated a complete duplication of the control
surface sizes and authorities except for the

spoilers. It was determined that the spoilers were not required since earlier force model test-
ing had shown them to be ineffective in any axis at or near the stall angle of attack. (The lim-
ited F-1ll flight testing conducted to date has indicated that this assumption may not have been
valid since it appears that the spoilers rroduce considerable yaw.) The tests were conducted by
dropping the model from a hovering helicopter and pulling it into a stall and/or forcing it into
a spin. After the model was stalled or spinning, the effect of control application was determined.
Data was obtained from photo coverage and from an on-board data system. A sample of the data ob-
tained is shown in Figure 4.

In general, the results obtained
from this model indicated that the aircraft is

IJI-DI prone to enter spins at all wing sweeps. They
4J/ also confirmed the fact that the aircraft can

exhibit both oscillatory and flat spin modes.
Examination of the control application studies

a indicate that neutral to forward elevator is
4 pro-spin. The optimum recovery technique for

all types of spins was found to be elevator
full back, aileron full with the spin and

5-0( rudder full against. The testing also indi-

4 ~p cated that satisfactory recovery from spins

_4 I , - V . . . . . .was questionable, especially from the flat

'r- __ _

"Although this testing technique re-
I presents a definite advancement over vertical

,-EADISEC f and free flight model testing, it is still sub-
I ject to scaling effects and Reynolds number

uncertainties that leeve questions as to how
Lo apply the data to full scale. On the basis

S.- EO 0of analysis and flight test results, the follow-
& . .. .. . ing conclusions can be drawn:

. . .. type of testing should be more

0 representative of full scale
and allows examination of entry
conditions, post-stall behavior,

o 2 4 6 8 1 12 14 spin mode determination, and re-
T- SEONDS covery techniques all in one

FIG. 4 TYPICAL DROP MODEL SPIN TIME HISTORY model.

2. As a result of low Reynolds number and Mach number test conditions, the ability to
extrapolate the results to full scale is questionable.

3. Limited flight rest data and simulator analysis have indicated that forward or
neutral elevator control is not pro-spin and that stick forward and aileron with
the spin may be as effective a recovery control technique as stick ba.k ani
aileron with spin.
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2.4.4 Static and Dynamic Force Model Tests

Very limited static force and dynamic testing at stall angle of attack and above has
been conducted on the F-ill. The majority of the testing conducted across the Mach range for docu-
mentation purposes has been obtained on the 1/15th-scale and 1/24th-scale models at approximately
2.5 million Reynolds number, and this testing was limited to approximately 20 degrees angle of
attack because of model strength or balance capacity limits.

The limited amount of static force and dynamic testing conducted at high angle of attack
is presented in Figure 5. As can be se.n, the data has been limited to low Mach numbers. The max-
imum Reynolds number that could be obtained was limited by model strength or balance capacity limits.

I M 01&•' 4, • •[, - Past experience has indicated that,! UI,•. ,A-UitIfSMUUNIU IM , " I in the case of an aircraft with a long pointed
* -- 0 I0. . -- 1 fr-- i- - L.__ ws nose, it is very important to test at a Reynolds

UAW .k..l-.. 2.,a-I W ", number in excess of the critical Reynolds number
i."',,,• I Z I 2-•-n ° I " TO of the fuselage to prevent premature flow separ-

,/1- "'M -" "1 w , ation on the nose. An example of the effect of
, 2 ,, •W- ,, ,.l*t' _w nose shape on the yawing moment coefficient (Cn)

.. T-AS•1*-- - • .. ,,,. IV. Z4 versus angle of attack at zero sideslip is shown
-....-.. . -_ -- in Figure 6. It can be concluded from looking

, ....... .. 1.,-,.- at the data in Figure 6 that the longer and more
'-"em on I . . I " pointed the nose, the greater the tendency and

the stronger the separation on the nose will be.
FIG. 5 SUMMARY OF WIND TUNNEL DATA AVAILABLE Figure 7 contains a summary of the data obtained

from various scaled models of the F-1ll which
were run in different tunnels. The data indi-
cates that the nonlinearity in yawing moment
shows no definite trend and is probably a func-
tion of model nose shape irregularities or tunnel
flow conditions. Because of the lack of repeat-
ability and the fact that using the nonlinear
data in the Convair high angle of attack simula-

A4 tor will not duplicate flight test, it is our
o belief that the data was not obtained at suffi-

ciently high Reynolds number. It is also our
c.- .belief that, if the model had been capable of

being tested at higher Reynolds ntumbers, the
-2 nonlinearities would not have been present. It

is hoped that the new proposed 1/12th-scale, high-
-.16 strength model will prove this contention one way

- 11 " 5 6 71 I "I or the other. An example of the variation with
ANGL OF ATTACK--DRUS angle of attack of the static stability parameter

FIG. 6 VARIATION OF YAWING.MOMENT COEFFICIENT WITH Cnp obtained from model tests and that required
ANGLE OF ATTACK FOR SEVERAL AIRPLANES to make the simulator fly like the aircraft are

shown in Figure 8.

.-1 0 A - Although little has been said about
. - -othe dynamic data obtained, the same nonlinear-

-1--.,i----,- ities exist in the data over the same angle-of-
Mo /10 .0, - attack range. It has therefore been concluded

19o 1/ .7x10: that the nonlinearities obtained to date are
A 1/14 .3io0 questionable and are affected by the nose con-

.0 , - : - figuration and Reynolds number just as the static42 -data is affected.

On the basis of the data analysis and
c, 0 testing conducted to date, the following conclu-

sions can be drawn:

"!\ I/1. Use of the static and dynamic data
obtained to date in our high-angle-
of-actack simulator has failed to
reproduce the aircraft motion ob-

06 ,tained from the stall/post-stall
flight test p.ogram.

I 2. Use of the static and dynamic data
_ J obtained to date by NASA in theore-"-'1°0 20 30 ' •so 60 700s 90 tical spin calculations could not

ANOU OF AT1ACK-OO0,RES reproduce the motions obtained
FIG. 7 VARIATION OF YAWING.MOMECNT COEFFICIENT from testing the free flight model.

3. The effect of Reynolds number on the nose flow separation characteristics has not
been determined because of model strength or balance limits.

4. No testing has been conducted to determine the effect of both Mach and Reynolds
number on the static and dynamic stability characteristics.

~ ~ - -20J3



18-6 .

AN- 44..5' Flig~ht Test Results
. NO • T .• rA,,*1 The stall/spin flight test program ..

_ _ I for the F-111 is one which has undergone tremen-
ANI dous change. ; Thbe original progreen V;ý designedI ___ ___to satisfy the classic spin demonstration speci-

n fIL-S-25015- Consequently, plans gre.
.. . made to conduct some 495 spins. The program was

- ___projected to last two• years, and cost was esti-
mated to be approximately 10 million dollars.

-A -.. As a result of'a delay in the pro-

- duction airplane stall/spin program which was
" i caused by reorientation Af the flight test pro-

S- - - -.- -gram, a two-,iase stall/post-stall Investiga-
ticn program was initiated. Subsequent loss of

-W 00 W A A N * an F-111A in a spin accident resulted in the
AAGE OF AlTAX-- formation 6f an F-111 Ad Hoc cocuittee to eval-

FIG. 8 F-1l1 BOO AXIS DIRECTIONAL S"Lur uate the F-Ill stall/spin program. During the
course of the committee hdarings, it was recoc'-
mended t1-at the classic spin demonstration pro-

gram approved for the F-111 b! changed to a program of stall/post-stall investigation and spin
prevention. Since the F-4 had successfully completed such a program at this time and the -desir-
ability of doing a classic spin program was being questioned by both industry and government
agencies, the committee recommended that the F-ll1 program be changed.

2.5.1 Early Testing
-Ž I. . I -

Early stall testing on the F-ll1 was mainly conducted in support cf maximum lift.
Demonstration testing was accomplished on boiler-plate, high-lift versions of the proposed pro-
duction systems on F-1l1A Number 4 and 21. A summary of the amount of testing-conducted in sup-
port of the high lift evaluations is presented in Figure 9. Very limited data on the post-stall

characteristics of:the aircraft were obtained
,_____, ____ _. __ i during this testing since the testing was ter-

non.,. ,, 2 A ,s s . se minated as soon as the maximum lift coefficient
FLAS NDSLTSEN9' was obtained.

-1 As mentioned above, a short program.
RAS AM RATS fKIM was initiated on F-l11A Number 4 to obtain an

JIM AMMAM III * * * early look at the stall/post-stall/spin charac-

~7 teristics of the F-ll1. 'The program was limited
I~ ,.*o *1 to examination of 1.0-g and 2.0-g entries and

* :recovery characteristics. A sumnary of:thd
, ,. , testing conductWd during this program is also

preýMnted in Figure 9., As can be seen, the
FIG 9 F.l-l FLIGHT TEST SUMMARY testing was limited and covered only 26 and

35 degrees of wing sweep. Testing aft of these
sweeps was not attempted because of the size of the recovery chute. NASA directed that we in-
crease the size of the recovery chute from 35 to 45 feet in order to asspre recovery from the
fast flat spin mode that may be encountered at aft wing sweeps. This increased chute size
requirement and the subsequent loss of F-l11A Number 4 brought the early testing to a halt. In
general, the results of the early test program showed the following:

I. Aircraft flying qualities are such that the pilot may not be aware of Impending
departure and will always depart in yaw, which will result in roll divergence.

2. It is very difficult for the pilot to distinguish between a post-stall gyration
and a spin because of the nose-down attitude and the rolling -,otions.

3. The aircraft at 26 degrees of wing sweep was, reluctant to enter a bpin and recom-
mended spin recovery controls must be removed very quickly or the aircraft will
enter a spin in the opposite direction.

2.5.2 Current Testing

The current stall/post-stall gyration investigation and spin avoidance program being
conducted on the F-ll1 is an outgrowth of recommendations from us and the Ad Hoc committee. As
the title of the program suggests, the current program is, oriented toward an understanding of ,
the aircraft stall and post-stall characteristics and the prevention of spins. We have long con-
tended that the ideal flight test program should be a blend of stall/post-stall investigations and
spirn testing. The exact ratio is a function of the aircraft mission. It is obvious that the ratio
required for a fighter would be different from that required for a bomber, No intentional spins
are currently programmed during Convair's Category I program. If an inadvertent spin Is encoun-
tered, recommended spin recovery controls will be applied and evaluated.

A summary of the current program is presented in Figure 10. As shown in this figure,
the program is being conducted in two phases or Block Flight Test Plans (BFTP). The first phase,
BFTP-30, is designed to examine 1.0-g and 2.0-g entries at selected wing ,sweeps. This phase is
designed to produce data for evaluating the aircraft characteristics under relatively controlled

I 20 I
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conditons. Th e second phase, t nP-38A, a s
-. o.mi i -nr.,a~ / trdesigned to exmline the beca ft stall e on r-
0• SA ,,UMAV,0L r. 4r..WA .r r • IM SWterist~ics duin dynanie maneuvering cod-

af Of - zzs0 pos tions. mhe data froi these tests will be used
poAaA-dr to determine the reiov refr mby ng mh euver-

_ as __ now__s_06_amA_____ AT____.___"_ icu angle of attack for the aircraft,

dsnqTo date, very little of the cftrent
ofatackmt-re a•le ti ognam has been acccotps red. initial testing
cu n aM angles of.atý,cS k bl sal The during enthe recov e was termieate d after
ar a wAs--- M1W no Osl an ent three data flights because of ever btereing a

me o s Ti post-stall u ode which we did not unierstai-
SPgle of- at ,Ntc s 2mu -lato wil be cOW verMed i and cc o ld not recover froA by usino the pre-

• ! - .briefed recovery controls. The spin recovery
,•. chute was used to recover rte aircraft, but it

sall i0 nhMib tr syte Gfr t he F -l W also failed because it was deployed at three times
2design "if. Later efnalysis of the flight test

Jyadath and simulation on the convair high-darle-
"of-attack semulator revealed Ihat the application of the selected precovery controls resulted in
coupling at angles of attack below stall. Therefore, bhen the recovery nn trols were applied, the
aircraft was not stalled and entered a pitch/rot coupling =ode- Tlhis mode had never been encotm-~tared before, and since it is usually associated with higher speeds, it was not investigated in

the re,_ e of stalli spteds. The data analysis mewthds used and a discussion of the Convair high-
wangle-of-attack sitmlator will be covered in Sectionin iof the proposed Convair

stall inhibitor system for the F-aii will also be provided in that section.

.The c arrent schedule caUl for completion of our portion of the flight test prograc in
aJuly of this year. At that time, stobe aircraft will be turned over to the Air Force at Edqerds Air

Force Base for evalutilon. It is estiuated shat the Air Force program will cover approxi=ately
one year and will be designed to be the first program to be run against the new spin demonstrationSMil Specification (KIL-S-836911).

d The rdyamichtesti wer e tuse ing conducted to date on F-1c hed--ber 21 have shown the follow-S : ing:

lance . Application of lateral contheradio-corolll or yawing motion combined with for-
tan a ; ward stnick at angles of attack below stall can result in pitch/rolr coupling.
s a p simply neutralizing controls ta ll produce recovery.

t2. Application of forward stick in combination with aileron at angles of attack
t tc edabove small appears to be a very effective recovery technique.

c2.6 Analytical Program Results

The analytical program originally planned for the F-at1 was one in which both static
and dynamic testing were used in conjunction with catapult launched model data. The cayapult

tlaunched model was later replaced by the radio-controlled model. The origihtl plan t as to ob-
toain static and dynamic testing over the expected aircraft entry Mach range at high angles ofS~attack and Reynolds number. This data would then be used in a six-degree-of-freedom digital or

asimulation program to predict stall/post-stall/spin characteristic a. The predicted characteris-
tics were to be compared to the drop model results at the same conditions and the data adjusted
to matchs bse drop model. Predictions were then to be made at actual flight test conditions and
compared with flight test data. It was believed that the flight test progra could be shortened

•,• considerably through the use of a checkout analytical program. it was also felt that the use of

h atan analytical program would result in our ubtaining considerably more detailed analysis of the
stall/post-scall/spm n mechanics at a cost considerably less than that of flight testing.

'The original F-e1t analytical program was terminated in early 1966. The basic reasonK:for cancellation of the program was that the feasibility of an analytical program was doubted as
a result of suspected ucerataiav ies ntesuffiation and in tho uce eof force and dyanic uata.
Since this basic doubt existed, there was reluctance to spend the necessary wind tunnel time to
obtain sufficient data for an adequate data bank. We and the F-i11 System Project Office (SPO)
have-always felt that the analytical program was obtainable. After the cancellatloa of the analy-
tical program, it was decided to take the flight test data and wionsd tunnel data available and build
a high-angye-of-attack simulation. The first step in the plan was to use all the available wind
tunrnel data in the simulation and attempt to match a flight test maneuver. It soon became obvious
that the aerodycamic data available was not sufficient to reproduce the flight test maneuver
chosen for this matching (Flight 92 of F-111A Number 21). It was then decided to try to obtain

aerodynamic data from flight test by using regression techniques.

The selected regression techn, que uses flight test information to determine aircraft
linear and angular accelerations at tiae center of gravity. Then, the six total aerodynamic coef-
fibients were calculated by using the flight test rates and accelerations and known inertial and
engie gyroscopic characteristics. Next, the flight test time histories of rates, velocities,
and surface positions were fed into the simulator, and the six total aerodynamic coefficients
were calculated. The total aerodynamics obtained from flight test and the simulator were then

compared to determine how closely the simulator represented the aircraft. A sample flow diagram
of the process is shown in Figure 11.



After a total coefficient cmzparisom
A" loo.R is cauleted, the individual aerody-mazic der-
I smre vatives are adjusted in the siarlator data bant,

MOM ato make the sinalator and flie= test coeffi.-
- .•. ., ciemts match. A sample of the comparisons oh-

___M OF swam taied for the pitch/roll coupling maneuver
experienced on Flight 99 of F-111A Mher 21
:Ls presented in Figures 12 and 13. It is cur-

CQXL rently planned to conduct this type of analysis

current flight test progran, it is our inten-

tion to deve-lop a high-angle-of-attack si-3la-
ter that will be truly representative of the
F-ill aircraft.

MG I I SMWeEAIR VAA V~fACDrA

As a result of the aircraft lost
because of stall/post-stall related accidents
a=d the development of the high-angle-of-attack
sin-Ilator, Cow,,air has proposed a stall inhibi-

L _W & tor system (SIS) for the F-Ill. the F-111 SNO
has autmhrized development of two sets of flight

iih-1 -!.'4 :1.+ J test hardware, and a proposal has been submitted
for flight testing. In general, the system con-

Cog .. LJ tains an angle of attack liiter, a beta reducer,
1,c and an inertial coupling reducer. A simplified

block diagram of the proposed SIS is show.n inL J~ _________cow__ Figure 14.

The angle of attack li=iter is de-
C. signed so that the maz' angle of attack

O •e+evaw control is prz-hich the air--rait can obtain with full back
_ _ _. elevator control is appr ely 25 degrees.

S -Since divczgence angle of attack is approxi-nw-swwi- =ately 28 degrees, the SIS is not lir-AtirZ the

FG. 12 ELOdGITUDW TT M C useful angle of attack of the aircraft. Thet oWAUV DATA, 3 DEC 1971 beta reducer function of the SIS was addedi since both lateral control and directional sta-
; bility are =inimal at high angles of attack.
i The beta reducer function essentially stiffens

the aircraft by use of a rudder aileron inter-
l .i .connect (hI) and by feeding rudder to oppose

. -- -- ;stability axis yaw rate. The ARI also helps
cowI coordinate rolling maneuvers at high angles cf

attack. The inertial coupling reducer was
-_ W- T- -. 7 added as a result of the coupling encountered-S"uato on Flight 99 of F-ll!A ?U~ber 21. Essentially,--. !21 "P I -the inertial coupling reducer feeds back rudder

CNN I -- I K as a function of pitch and roll rate to reduce
Nji ,, ] ýt . 7 -h•" sm Las or- the sideslip which keeps the system coupled._•| | -- !. 4' W.,_4 Although the proposed SIS does not prevent the

2 pvaircraft frot being intentioially stalled, it

if the aircraft is stalled with the SIS oper-
ating, the pilot must want to stall the aircraft.

a 12 1 X 24 37 32 2i
nw-KoHM 3. CONCLUSIONS

FIG. 13 LATEWAL DIRECTIONAL FLIGHT TEST AEPODYMAWC
COEFFICIENTS PEUPVNARY DATA. 3 CEC 1971 3.1 Vertical Tunnel Tests

On the basis of the results obtained
from the verical tunnel, it is felt that use
of this type of testing should be limited in

;.4 scope. It appears that the usefulness of this

ow 7f-ol-L 7 data is limited to predicting possible spin', modes, recovery controls and recover, parachute

""--.o n *wl. system sizing. Use of the Aara to determine
1T "•• .the susceptibility of an aircraft to enter the

"MOO-" *E•m" .aspin modes is not within the current state-of-s'. "1" a oss. t h e - a r t .
C.....*a Ot""O isup-

£.t MO 3.2 Free Flight Tests

- , ,, ,This type of testing is an excellent

Sa, w,• "r. Lmethod of determining the angle of attack at
•, , : • tn.* which yaw divergence can be expected. Although

IM t a.. Wt- " the data obtained from the free flight model may
tend to be conservative, it is exce;'ent informa-

FIG. 14 STAUIPOSrsYAU GYRATION INHISITOR SYSTEM tion upon which to base flight test anyte.-of-attack

2CG"
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limits. The min drawback is the law Reynol , nd Mach e of the tests and the inability to
examine anything but departure characteristics.

3.3 iadio-Controlled Drop Model Tests

The advantages of this type of testing over the vertical and free flight testing tech-
ni= s are obvious. Not coly does it provide information on departure characteristics, but it
is* allows examination of the post-sta11 and spin susceptibility characteristics. 1h basic

draback is the lew Mach and Reynolds nu.ber conditions at which the date is obtained. Use of
the F-l drop model data has been liited to detemining trends since no attempt was nade to ob-
tain aerodynamic data from which to make f11-scale predicticas. Use of this type of wdel test
to obtain aerodynamdc data for application in a prediction technique •wold be of treme•dous
value.

3.4 Static Force Model Tests

Static force and dynadc derivative data is a very important part of any stall/lpost-
stall/spin investigation program. Without this type of data it is almost Impossible to exise
the individual effect of each aerodynamic derivative on the stall/post-stall/spin characteristics
of the aircraft. The static force and dynamic derivative data obtained on the F-rn were very

-inimal and were obtained at low Mach numbers. It is also believed that the data vre obtained
at Reynolds numbers below the critical fuselage value. The actual flight test time histories of
maneuvers could not be duplicated by using the force and dynamic data available on the F-rn in
the high-angle-of-attack si-lator. To date, it is not known if this inability to match fligbt
test data is due to Mach, Reynolds umuber, or other effects. It is felt that a program should
be initiated to resolve this dilm.

3.5 Flight Test

The flight test progrza for stall/post-stall/spin investigation of an aircraft should
be one in which the enphasis is placed on stall/post-stall recovery procedures and spin suscep-
tibility. If a spin susceptible area is found, the, spin recovery characteristics should be
evaluated. The extent to which this investigation should be pursued wouL depeid on the mission
requirements for the aircraft. It is believed that the new spin demonstration NIL Specification
(.MIL-S-83691) represents an attempt to provide the pr'pcedures nu-essary for identifying aircraft
stall/post-stalllspin characteristics. The maln drawoack to the new specification is that the
contractor zust assume that he will have to perforf .21 phases of the testicg required and ,id
it accordingly. Consequently, the cost of the program is naximized.

3,.6 Analytical Programs

-As a result of the work done on both the B-58 and F-Ill aircraft, it is our opinion
that aircraft stall/post-stall/spin characteristics can be predicted by means of analytical
programs. It is also our feeling that they should be used more and more to reduce tha costs and
hazards norwally required to determine and demonstrate the stall/post-stall/spin characteristics
of an aircraft. This opinion is based on the fact that aerodynamic data can be extracted from
either flight or drop model tests.

3.7 Recoonendations for Future Programs

In view of the experience gained during the B-58 and F-ill pzograms, it is our opinion
that future programs directed to the determination of stall/post-stall/spin characteristics should

A be conducted as follows:

1. Obtain a baseline data bank for use in a six-degree-of-freedom simulation.
Data should consist of high-angle-of-attack force and dynamic data obtained
at high Reynolds number over the expected entry Hach range.

2. Conduct drop model tests with a model instrumented well enough to permit
use of regression techniques to obLain total aerodynamic coefficients.
If the rodel could be Zropped at higher "q!' conditions, the quality of
the data wculd be imoroved. Compare total aerodynamic coefficients of
model and simulation data and use the resulting data to update the aero-
dynamic data bank.

3. Condict a limited flight test program to obtain sufficient data to update
the simulation data bank. Aerodynamic data would be updated by using the same
regression techniques as those used on model data.

4. Use simulation to determine areas where aircraft is most susceptible to
stall/post-stall/spin entries and subsequently demon., r4te the character-
istics of interest by flight test in these ar -a

2G7
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POST-STALL AERODYNAMICS OF THE "HARRIER" GRI

Ciff. L. Bore

Assistant Head of Research,
filwker Siddeley Aration• ed.

Ki=gston. Sarrey. eg'and

SUMMARY

The wing of. the HS. 'Harriex" GRI had to achieve high usable lift coefficients
daring manoeuvring at subsonic speeds, without incurring a weight penalty for leading
edge devices. It uas designed so that, after buffet onset, the 2.reas of bomndary layer
separaion spread stea-lly and symmnetrically as incidence increases.

Planform sections and twist were designed with this objeect-ve, and arra• s of
B. L.C. devices (such as vortex geenerators) were intended from the start. Arrays
of fences and vortex generators had important effects on maximum usable lift and
post-buffet fligt steadiness.

Since the ds-eloped configuration of this aircraft is free from pos:-ouffet
flying vices s f.2 ae wing drop, wing rock or pitch-up, the maximum usable lift at
mod=. i:e altitudes can be determined by the intensity oi buffeting. The simple-minded
met :-x of buffet pr. diction outlined gives results which are consistent with flight
measuremerAL on sLererai aircraft.

PPOBLEMES AERODYNAMIQUES CONSECUTIFS

AU PHE•OMENE DE DECROCHAGE SUR LE "HARRIER" GR1

SOMMAIRE

Durant les manoeuvres aux vitesses subsoniques, la voilure du "Harrier" GRI
devait se caract~riser par des coefficients de portance 6lev~s sans faire appel 2 des
dispositifs de bord d'attaque, lesquels entraTheraient une ind~iirable augmentation de
poids. Elle 6tait conque de fajon qu'aprLs le debut du buffeting, les zones de dfcoliement
de la couche limite se propagent d'une maniare r~guliere et sym~trique lorsque
1'incidence augmente.

La forme en plan, les coupes et le vriliag- etaient concus dans ce but et les
dispositifs de controle de la ccuche limite 6taient envisages d~s le debut. Cloisons
et g6nfrateurs de tourbillons avaient une influence marquante sur la portance
maximum disponible et la stabilit6 de vol cons~cutives au buffeting.

La configuration de l'avion qui fut mise au point ne se caract6rise, apres le
buffeting, par aucun vice, tel que perte de portance, oscillation de la voilure ou
cabrage. Aux moyenneE altitudes, la portance maximum disponible peut &tre d~termin~e
par l'intensit6 du buffeting. La simple mnthode esquissfe permet d'6valuer l'effet du
buffeting et le; r~sultats obtenus s'accordent avec les mesures faites sur plusieurs avions.

2081ItI
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1. INTRODUCTION

In order to appreciate why the wing of the 'WHarrier" was designed that way it is
necessary to understand the factors that determine the usefulness of the aircraft.

The essential function of the Harrier is to carry various external stores at high subsonic
speed from a confined site, perform those manuem•.res necessary to deliver the load on target,
and return to land on the confined site. Since the take-off and landing sites may be as SMall
as a •-nnis court, the all-up weight of take-off is determined bY the installed thrust. Then the
total •seful load of stores and fuel is given by 'he excess of the thr-IF over the basic weight of
the aircraft. This was maximired by making tne air intake efficiency very high and the basic
weigh, 2f the aircraft very low.

We will see that the wing design was a very important factor in achieving high load and
range capability. For example, if the tcCA useful load were as much as one half of the basic
weight, then a •% reduction of ba.sc weight would permit 2% inc rease of stores-plus-fueL If
tLis were used for extra fuel the r--..ge might be increased by about 3%, while if used for store
load this would be worth perhaps 6% more load. Due to the cumulative effects of resizing an
aircraft during the initial design stage, that final 1% weight saving could result from an initial
reduc.tion only one-third as large. In addition to the direct effects of weight, reducing wing
area also reduces drag, fuel requirements and so on. Thus we see that the primary aim of the
wing design was to reduce the weight and size as much as possible, consistent with providing
the required flying qualities.

Now the fundamental advantage of the vectored-thrust aircraft is the fact. hat it is freed
from the conventional aircraft's penalty of a heavy wing and flap system for take-off. Even if
the aircraft is heavily over-loaded and has available a conventional runway, it is more efficient
to vector the thrust at take-off so that only a small fraction of the weight has to be lifted by the
wing. So the size of the wing can be reduced until it is jus-t sufficient to provide the
manoeuvrability required at combat conditions. This clearly indicates the design problem: how
to achieve the required usable manoeuvrability from the lightest and smallest wing? The more
important conditions involved Mach numbers from 0.6 to about 0.9, at high altitudes.

2. WING DESIGN

Obviously this aim calls for a combir.ation of high structural efficiency and high usable
lift coefficient. Now most of the wing weight is concentrated near the wing root: indeed, on
aircraft with proportions similar to the Harrier, much of the weight is in the part that crosses
the fuselage. Therefore, the wing was given a large root chord and fairly large thickness/chord
ratio at the root. Both the chord and the thickness/chord ratio were reduced sharply towards
the tips - where the aerodynamics is more crucial. Thus we had high structural efficiency where
the weight was concentrated, and slim sections where the aerodynamics problems dominated.

The planform had been chosen to provide a high raaximum usable lift coefficient for the
chosen sweepback, according to the indications of ref. I. These choices of thickness taper and
basic p-iform had been worked out for the previous aircraft - the -'Kestrel", but the Kestrel's
wing was not good enough for the Harrier. There would be 10% more weight to be manoeuvred,
and the ext.-a external stores would reduce the pitching stability. More serious, the Kestrel
indulged in "wing rocking" without warning at Mach numbers between about 0.7 and 0.9, at lift
coefficients where otherwise light buffet might be expected. The pilots did not like being rocked
suddenly by up tc ±25°, so in effect they restricted their manoeuvres well below the buffet
boundary. Despite these deficiencies, the Kestrel's wing provided quite good usable lift
coefficients in the combat speed range.

Now the Harrier had to be in service quickly and with minimum expense, so there was
the usual designer 's brief: improve it all v-ithout changing anything (as far as possible).
However, it was corsidered that all the improvements needed could be provided without changing
the front spar or any structure aft of that. To improve the stability an extended wingtip would be
provided. To increase the usable lift coefficient and eliminate the unheralded wing rocking, the
shape forward of the fron. spar would be redesigned in accordance with a new philosophy that
already had been partly developed (for the P. 1154 - which had just been cancelled). Fig. I shows
the extent of the alterations that were made from the planform of the Kestrel.

2C9
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The wingtip extension moved the aerodynamic centre the right amount aft, so that solved
the pitching stability problem. In the process the section shapes were redesigned so that
supercritical flow could develop over the curved tip without shocks. We will sg•, later that these
wingtips do not stall

It was decided to base the redesigned leading portion of the wing on the supercritical
aerofoil sections that bad been developed earlier for the P. 11.54. These aerofoils were able to
produce supercritical flow over the frort half of the chord, terminated by shock waves of modest
strength. These sections wouid provide more lift at combat speeds before the boundary layer
started separating, - but the Harrier was to be flown without restriclions to incidences far
beyond buffet onset - so the remaining problem was how to achieve the highest possible usable
lift beyond buffet onset.

1.0.

Is 1 Buffee

coffig.en of Plafor ofoc H arrier taing Fig.pp2oxBuffetpRelation shiptedermetC

3. DESIGN OR POST-ST LL MANOEVRBIIT

shown. if we pos~cate that buffet response is to be measured by the peak accelerations (B. g)
suffered b-i t'i. mass of the aircraft responding to the unsteady aerodynamic force, we can
estimate th• en.•ectedl intensity of "buffet" response from the simple formula:

B =KCB/(•-)....................(1)

use= 00M 0ý

Modautoe

U*h pow0r300ft

45t0 L- 910 L 0

1. Buffet~0 odng ufe

beon hepon a wih oudrylMe seoaraton Mtrs(on ,i i. ) thsbe hw

Fig. 3 Flight Buffet vs Predictions

(Aircraft A, incidence)swhere W is the aircraft weight, S is wing area, q is dynamic pressure and K = 1 has been found

satisfactory for the coinstant of proportionality.
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Since given buffeting force requires larger buffeting coefficient at higher altitudes, it foiiaw'

:that there can be a substantial altitude effect, such tha considerably higher normal force
ceefficients may be attained at high altitudes before given intensity of buffeting response is
reached. Since the usual flyinZ vices (such as wing drop, pitch-up and wing rocking) set in at
particular incidences, whereas buffeting limits rise with altitude, it may happen that buffeting
limits manoeuvrability at low altitude, but other vices may supervene at high altitudes.

Figs. 3, 4 and 5 illustrate typical comparisons of predicted buffet boundaries with flight
test data. On fig. 3 can be seen data from analyses of the amplitude of normal vibration from
trace accelerometers, together with pilots' assessments of buffet severity. It can be seen that
the agreement is as satisfactory as can be expected at the present stage of flight buffet
measurements. Perhaps the most notable feature of fig. 3 is that the measured altitude effect is
gre than the considerable effect predicted. The measured vibration was greater than
predicted at low altitude, but less at high altitude. Perhaps this may be connected wiith amospheric
turbulence, which varies in the right direction. Whatever else may be said, those flight data
certainly do not contradict the theoretical concept of a substantial altitude effect.

The peak acceleration criteria used for various degrees of buffeting were as follows:-

onset: negligible, corresponds with point B of fig. 2.
light (just perceptible): ± 0. 2g

moderate: t 0. 6g
severe (tolerable for only a shorl time): t 1. Og

40000ft

% 36000 '

"T Onet N/ "s sconsi c%.iZ . "-A .,.Oof

o. o.7 Qi 0.9 to
0.6 0.7 .8 0.9 tAl ... N

Mach No.

Fig. 4 Flight Buffet vs Predictions Fig. 5 Flight Buffet vs Predictions
;Aircraft B) (Aircraft C)

3.2 Post-Stall Flying Characteristics

We have seen that aircraft with high wing loadings will not be limited by bffeting until
the lift curve has bent substantially below the extrapolated linear portion of that curve. In other
words, they can be flown to lift coefficients well above buffet onset, provided that the lift curve
continues to rise with incidence, and provided all the usual post-stall flying vices are avoiad.
Raising the lift curve and eliminating the vices proved to be an interesting piece of applied
research, - especially as it had to be completed quickly.

Now if the lift curve continues to rise steeply above the buffet - onset point, this implies
that the stall spreads only slowly over the wing as incidence increases (here the word "stall" is
a short term for "boundary layer separation"). Furthermore it was believed that the post-buffet
flying vices are associated witn sudden "chunks" of stall spread: if stall spreading could be made
slow, smooth and symmetrical, there need be no flying vices other than a gradual increase of
buffeting with lift.

It was chosen to design for stall to start near the tip and spread inboard. There are

"several factors that make the wing root more reluctant to stall - not least the lower local lift
coefficients at the root of the tapered wing. ThiL would make it easier to achieve progressive
stall, and also permit more r.,aximum lift. When lift is lost on the outer part of th.e swept wing,
the pitching stability would be reduced, but eventually, ar, stall spreads towards the wing root,
the stability would increase strongly - as in effect the centre of lift of each stalled section moves
;.ft to around half chord. This was considered a better stability variation than given by the
opposite progression of stall - which would give strong stability at the start of buffet penetration,
falling off rapidly as the manoeuvre is tightened. So the inward spread of stall was preferred
from three aspects: higher maximum lift, an easier technical task, and preferred stability
variation. These expectations have bLen realised in flight.
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As it was known that stall would start forward of mid-chord the front parts of the aerofoil
profiles were varied so that the outer sections were more adverse than inner sections. At
nmanoeuvrirg conditions, these sections were always working supercritically, so the experimental

two-dimens!onal pressure distributions as applied to the tapered wing were used to guide the design.
Wings with tais type of section gradation had been tested earlier for the P. 1154, and it was known
that such variations alone could not provide the smoothness of stall progression required. An
array of boundary layer control devices was intended from the outset. The experimental research
was concerned largely with this array of devices.

3.3 Experimental Development

The wind tunnel tests were made on a 1/10th scale model of the Harrier GRI in the
Aircraft Research Association 9ft x 8 ft (2.75m x 2.45m) transonic tunnel. Flight developmentS~was -Ftarted early, by modifying a Kestrel wing to the oasic Harrier shape, and flying it on a

wgKestrel fuselage. Thus scme of the crucial points were tested in the wind tunnel and in flight at

the same time. All tests were performed with two 100 gallon (454 litre) drop tanks in place.

Rolling moments were monitored with on-line continuous pen recorders. This proved to
be a very valuable techinique, for it was found that flight behaviour correlated well with the
rolling-moment records. For example, if the pen oscillated continuously (e. g. between the
dotted curves in fig. 6) then the aircraft experienced wing rocking, - whereas a steady excursion
of rolling moment corresponded with "wing low" in flight.

*- Wig Drops.nSt/s LowS-.010

Moderate Roll Unsteadkxms
Fig. 6 Roll Unsteadiness

Oil flow investigations were used extensively to examine the stall patterns. These were
observed continuously by closed-circuit TV and photographed by remote control.

Initial tests on a bare wing showed that the roll unsteadiness was far better than for the
Kestrel wing, but below the standard aimed at - as there was a moderate wing drop at M = 0. 88.
Effects of sawtooth position were checked.

The vortex generator arrays were all of the type first proposed in ref. 4. They were
scaled in size and spacing in proportion to the boundary layer thickness, so that effectiveness is
maintained across the span. They were mounted almost along free stream direction so that at
low airciaft lift there was little drag, but at high lift coefficients the local airflow turns inboard
and approaches the vortex generators at a substantial local incidence. This causes stronger
vortices as the aircraft lift increases. An innovation for the Harrier application was the scheme
of increasing the local incidence of successive vortex generators, proceeding inboard, One such
array succeeded in controlling the spread of shock-induced separation at M = 0. 88 (fig. 7). It can
be seen that the separation spread over far less of the outer panel when the vortex generators
were present.

A small leading edge fence alone on the outer" p.anel raised the lift curve at Mach numbers
from 0. 4 to 0. 7, but without improving the steadiness in roll (fig. 8). If the fence was moved far,
this extra lift was lost.

A ma.or step forward was combining vortex generators with a fence, for the combined
effect was better than the sum of the individual effects. The lift increase at the lower Mach
numIrs was kept and the delay of roll unsteadiness, at th3 reduced levels already shown in
fig. 6.
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Without Vortex Generators With Vortex Generators
Fig. 7 Effect of Vortex Generators on spread of B. L. separation

A small fence below the wing tip eliminated a wing-low effect at M = 0. 6, and prevented

stalling of the c'urved tip at any conditions.

By this stage of the wind tunnel research, the flight tests had checked most of the
important results and confirmed them, apart from an elusive difference of pitching stability -
which was probably due to jet efflux interference in flight. Flight tests with a wide range of fence
sizes showed a sharply-peaked optimum size, so far as maximum usable lift was concerned, and
they suggested a subs'antial Reynolds number effect.

Important advanced were nade when two fences were tried. The wind tunnel showed a
sharp deterioration of roll steadiness, but the flight tests showed a marked improvement! It was
suspected that again there was a scale effcet such that the inter-fence spacing should be related
to the wing boundary laver thiclkess. Fur.her testing showed that this inter-fence spacir;g had a
critical effect on the post-stall ro•l steadimiss. When the fences were too close, the wing rocking
was unacceptable (A, fig. 9) but when they were well spaced the roll steadiness was excellent
(B, fig. 9). The maximum lift also was improved (fig. 8). It was also found that fence positions
influenced the maximum usable lift appreciably, for given inter-fence spacing (fig. 10).

Two fences (D.E) C .1i1u OCcldtio

Caeffl* CL'An

0 3 4

06- - Bsr Wing

o,, 4 wa "2 C 2  " " o

i 21 vdmTwo Fenom Too Clos Two Fenc Wallp*cod

Fig. 8 Effects of Fences Fig. 9 Roll unsteadiness with Two Fences

By this stage, maximum usable lift was far above buffet onset, on a lift curve that was
flattening off at high incidences. This was due to stall spreading rapidly over the inner wing at
the highest incidences. The inner wing was therefore provided with a new graded leading edge,
to raise the top end of the lift curve and improve roll steadiness at the highest incidences. This
"also permitted about 100 of flap deflection for high speed manoeuvring.

In the final configuration, the Harrier GRl can be maneuvred safely to 'stick hard back"
or the structural limits with no fear at any conditions of losing control or entering• any gyrations.
Near maximum lift, directional stability reduces, of course, and a "wallowing" motion can develop
if conditions are held. Buffet can be penetrated progressively without suffering pitch-up, wing
drop or wing low . Ithough moderate wing rocking can occur near "moderate buffet" conditions,
which dies out t, , maximum lift. 4-1
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The maximum usable manoeuvring acceleration per unit area of wing is compared with
several other aircraft in fig. 11, which shows data for two U.S. fighters and four other British
strike/fighters. It can be seen that the maximum usable lift coefficient exceeds all the others
for which data were available at Mach numbers above 0.7.

eb~b Mmmd 0

- -----

0"5 0.6 0.7 00 09 WO

Fig. 10 Typicvl Usable Normal Fig. II Usable Manoeuvrability Coefficients
Force Coefficients

These developments resulted in achievement of a high - g wing that weighed only
6 lb/square foot (30 kg/in 2). To put this into perspective, the Harrier and the Hunter have
similar all-up weights, but the wing of the Harrier weighs roughly 1 ton (1 tonne) less than the
wving of the Hunter. This represents about 17% reduction of basic weight, compared with the
Hunter (see fig. 12).

Ini the course of this work, knowledge was gained on such topics as optimum arrays of
fences and v'ortex generators, sawteeth, buffet prediction, and the application of supercrltical
aerofoils to swept wings - including curved tips. Most important, perhaps, was *he demonstration
of a design for safe and steady post-stall flying characteristics at al] attainable couditions.

I4UIERll HiAt4RtUl
C T Fwzj, 3*7.- -- 7.

NAAtAk Sys Wh CM2

suf uonifti ~nb

'~9.k ,. k•",hu TAentuA

Wi1 HUD 4y6e it o -3 4 7 O f

TiW-O.45 1?W.O*SS
Fig. 12 Take-off Weight Breakdown
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AERODYNAMICS OF WING STALL OF THE FOKKER F28

by

Tj. Schuringa
Aerodynamics Department

"Fokker-VFW" NV
Schiphol-Oost

The Netherlands

SUMMARY

Some topics of the aerodynamic development of the F28 wing with regard to the stall
are described. First, the investigation in the wind tunnel is reported, dealing with the
influence of boundary layer fences, secondly the correlation with flight tests is presented.
It may be concluded that, apart from minor modifications, satisfactory agreement was found
between wind tunnel add flight test results.

NOTATION

c - wing chord
CG - centre c± gravity, % mean aerodynamic chord
CL - lift coefficient
CLmax - maximum C
C - pitching moment coefficient
R•m - Reynolds number
V - speed
V5  - stalling speed
a - angle of attack

INTRODUCTION

The F28 Fellowship aircraft has been developed by Fokker for use over short to me-
dium distances. It can accomodate up to 65 passengers in the standard configurat:on, while
a stretch-'d version will provide an additional 15 seats; the latter is at present in the
proce~s of certifization. In figure I the features of the standard F28 are shown.

As a consequenca of the short haul charac-
ter much attention was paid during the

4 design to attain optimum airfield perfor-
mance and low speed handling qualities.
On the other hand jet operations required
the wing to be designed for acceptable
transonic characteristics.
A major design goal was the achievement of
relatively high values of C . This
required a compromise solutin 'with
limited sweep angle of the wing, in combi-
nation with a wing gec~netry suitable for the
speed regime of cruise and dive.
The naximum operating Mach number being
MMO = 0,75, the dive Mach number MD = 0.83.

The preliminary des:gn phase was characte-
rized by wind tunnel investigations to
establish the optimum wing pianform as
determined by the two mauL design objeý-
tives just mentioned. In this process about.
1000 hours were spent in the NLR tunnels
in Amsterdam on testing models of the com-

Fig. 1 F28 first prototype aircraft. plete aircraft. Four different basic wing
configurations, designed for the same

cruise Mach ..umber and covering a range of thickness ratios and sweep angles, were tested.
Each basic wing configuration then was tested with detail modifications in geometry. A pic-
ture of a model with the final wing configuration is shown in figure 2.

The F28 wing has a 16 sweep angle at the quarter chord line; its wing sections are
modified NACA four digit sez.es sections with rather large nose radii primarily to improve
section maximum lift. The maximum lift capabilities of the wing are further increased by
a Fowler type flap which is single slotted at rettings up to 18 degrees and double slotted
at the larger settings, when the vane becooes' -fective after the flap has expanded to
form the second slot.

In view of the significance of single engaie take-off performance of the two-engined
civil aircraft, the flap design was optimised for low drag at all single slotted take-off
positiors. The increment .n maximum lift is approximately 1.0 at the landing flap setting,
for which 42 degrees deflection is used.
Wing sections and the flap shape evolved from extensive two-dimensional wind tunnel
testing. .•,*. ;)
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In relation to stall behaviour of __ -

aircraft the correlation between final wind
tunnel results and flight results is one of
the most speculative and also intrigueing
elements of the initial flight test phase.
Very limited degrees of freedom exist for the -1 -------
aircraft designer to change the characteris-
tics in this phase of development.
On the F28 tine -unnel results were available
at 2.8 x 10 Reynolds number 6 for a complete
aircraft model and at 5 x 10 for a half wing

4 model.
This paper reports on the characteristics
achieved, and on the correlation with full
scale test results.

Fig. 2 Final F28 wind tunnel model

I.VESMIGATION OF THE STALL IN THE WIND TUNNEL

As already mentioned earlier, attaining high values of C was an important design
objective for the F28. The associated stall characteristics shoýTa-however also satisfy the
civil airworthiness requirements, which ask for easy recognition by the pilot of the devel-
oping stalled wing condition and for gentle behaviour of the aircraft in the stall to avoid
large attitude changes and consequently great losses in height.
In a flight simulator programme,
which was used to convert wind
tunnel characteristics into pilot 1
assessed full scale behaviour, it
was recognized that an unmistakable , .rim -

1 .• 2Vý I -break
nose down pitching motion at or (aft t '
near the stall would provide satis- CG)
factory results. This was particu- a (deg)
larly the case because of the redu- ado
ced longitudinal stability, which
had to be expected for angles of
incidence beyond the stall for -.1
T-tailed aircraft.

Figure 3 shows the relation-
ship between pitching moment and - 2

angle of attack as obtained in the
final stage of wind cunnel testing. wind tunnel testl
It can be not.ced, that immediately -. 3 I.-.....!--r---

beyond the angle for maximum lift a
sharp increase in nose down pitching
moment appears.
The clean wing stall was characte- Fig. 3 F28 pitching moment characteristics
rized by a rapid spanwise spread of
separation. The result on figure 3 was obtained by controlling the location of initial flow
separation on the wing by use of a small boundary layer fence near the wing leading edge.
Further details of this effect will be shown later.

Figure 3 also shows the characteristic variation of the pitching moment at f::treme
angles of attack for an aircraft equipped with a T-tail, which is caused by the immersion
of the horizontal stabilizer into the wing wake. When the model size is small enough rela-

tive to the dimensions of the test section of th,.
tunnel, scale effects are negligible in conditions
of separated flow over the full wing span.
Pitching moment data at these large angles of
attack, as obtained in the wind tunnel, are there-
fore valid for the full scale aircraft.
A typical picture of the investigation at extreme

% angles of incidence is shown in figure 4.

Fig. 4 F28 wind tunnel model at extreme angle of
incidence

I,-
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The desired incraase of the nose down pit-

ching moment near maximum lift can be obtained
by initial flow separation on the inner wing,
which causes a favourable change of the downwash
field at the horizontal stabilizer. Apart from
this effect flow separation on the inner wing
also results in retention of full lateral control
up to angles of attack at which the flow on the
outer wing separates. There is however one res-
triction relative to early flow separation for
the case of the F28 as distortion of the engine
intake flow should be avoided up to stall onset.
This implies that the wing sector immediately in
front of the engines should preferably stall at
an incidence angle beyond maximum lift.

In the wind tunnel phase many aerodynamic
gadgets were tried out to probe possibly satis-
factory configurations in full scale testing.
The small boundary layer fence was the most pro-
mising in relation to high maximum lift in combi-
nation with the desired characteristics. Fig. 5 Half wing wind tunnel model

Figure 5 shows the model used for high
Reynolds number stall flow visualization.

A number of boundary layer fence sizes tried at one wing section (station 4700) is
shown in figure 6. The intention of this survey was to obtain a minimum fence size for the
desired characteristics. As it was realized that the effect of the fence, the local provo-
caticn of flow separation, was most pronounced at the leading edge. The short fence 3 in
front of the suction area and fence 4 located aft of this area on the wing nose failed to
produce any effect in stall behaviour. Fence I and 2 were almost equally effective.

The way in which the progression of flow separation is affected by the introduction
of a boundary layer fence is depicted in figure 7. It can be observed that the small fence
at the leading edge of station 4700 changes the stall progression of the F2g wing comple-
tely. Local separation is introduced at the inboard side of the fence at 10 angle of
attack, the maximum lift is attained at approximately 13 , the aileron region stalls at 19while the wing without fence abruptly loses lift at 15.7• Aue to full span stall.
A very slight loss in lift accompanies the changed separation pattern.

1611%cn

II front spot 50( c

Ii

KINK SECTION OF WIND TUNNEL MODEL (STATION 4700)

fence at station 4700

44

wind tunnel test
flap setting 420
Re - 5 x 106

Fig. 6 Boundary layer fence sizes tested Fig. 7 Effect of fence on progression
in wind tunnel of flow separation

Figure 8 presents the influence of the spanwise location of one fence on the pro-
gression of flow separation. This progression is depicted by showing the angle of attack
for onset of flow separation, for maximum lift and for separation in the aileron region.
The identical characteristics at root and tip represent in fact the absence of the fence.
The Zigure shows the result of tests on the wing with fully deflected flaps, being the
most critical with respect to stalling behaviour. It can be concluded from the figure,
that a si~all leading edge boundary layer fence in almost any position largely affects the
progression of flow separation. The separation in the aileron region is thereby postponed
to much largor angles of attack than without fence. This improvement is accompanied by a

2 IT
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slight loss in maximum lift as can be recognized
from the smaller angle of attack for maxim-
lift. Pitching characteristics in the stall were
only satisfactory for the inboard positions of -
the fence. The initial flight testing was there- - -
fore started with a fence at wing station 4700,
the section at the kink in the leading edge of
the wing.

Finally, it should be stated, that tes-
ting at extreme angles of attack in the wind
tunnel revealed that a nose'down pitching none
was obtained throughout the angle of attack
range with the elevator deflected downward; this -

applies for all flap settings.

Fig. 8 Effect of spanwise fence location on -
progression of flow separation LI - - -

Jlp se 420 -

FULL SCALE STALL INVESTIGATION Sta=:= 37•e4 - L 47C

The stall tests with the fence at the 4700 wing station basically confirmed the
characteristics observed in the wind tunnel. However, the initial buffeting which prece-
ded the actual stall of the wiag was quite strong, and affected adversely the obtainable
maximum lift. Because of this observation it was decided to include in the flight test
programme at least a number A alternative fence positions previously investigated in the
wind tunnel.

The qualities of the various arrangements
were in the first instance judged by the testpilots;
furthermore test recordings werq available together
with photographs of the tufted wing. The laicer were
obtained by a camera equipped with a 180 wide angle
lens mounted in the esqape hatch above the wing;NI a typical picture is shown in figure 9.
From these pictures the prorression of flow separa-
tion has been constructed, an example of which is
given in figure 10, which also shbws the shape of
the fence.

Fig. 9 Flow visualization on wing of
prototype aircraft (dog)

*0 ~~~10 - .

Sfinal fence slite

20

MIAP S•TTING 420

\10 21? 16. 9 .........

10 .O . . . ....h1"0, flic~ht e t ,

1e,1 c t i s-1, .4 -e

3i84 btdtxor, 3784-• 4700

Fig. 10 Progiession of flow separation Fig. 11 Effect of spanwise fence loca-
on prototype aircraft tibn on angle of attack for maximum lift

f'>• (g-break)
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The lift capabilities are sbuam. in figure 11. Frese-ting the variattcm of aml*~ of
attack at.-fin= lift with fence p~siticc. Theecircles represent the maxi=n= lift
angle of attack of the wlid -a' model as already gie= in fi==re 8.
it sbculd be noted that the wiMnd Ie dat-a sten Er fisv W waiaic tests CMthe
half wing 2cdel; this implies that identical flew 4itiam am nzel ard aircraft May
occr at different indicated angies of attak '!e effect of fe:=e location is howwtr
quite comparable.
-he flighýt tests shmvwed that the op-tin location of the fence Is =Vt wing station 47)00
bat 3 ft more inboard at station 3784, both frcm a poin-t of view of obtainable mazinm
lift and overall stall characteristics.

after the cpt~inization of the fence location con
the basis of comparitiwe tests, the mai mo lift

4-_ -- ces were detemined. The resmlts are presc;ted
in figure 12, compared to those of the w1i6 tunel

Fg. 1m2dle 7ue faxiprim list is shIn c versus flap
I deflection for a fofrtd cen-tre of gravi i ty o ositgoun

The g-break lift valces are those correoted to a
speed bleed off rate of zero; the u;per line reore-
sents the u afit lift calcrlated on the basis of

smalethe miiicin speeasc determited t arinq cdatificatice

i trials, i.e. at a speed bleed off rate of 1 kt/see

CONCLUSION.

* C,

2.6 X0 fre

30 40 C:

Fig ever Maim lrprifterapabilities Fgonnle of reutgotier ound a reassaisatoy onwigsu'ltcold

Y be~ I acivddwitio litofee muto flight stl odeieiopmns thesing.ct may therciit for the ground

on i flo sprtoepcalinrltototedtriainoth inumustc

speed, tdhem is boch
In fighrmaxim eetligt stall and the stall cha whac adtaced go ar cgh
pag. 12red axipifca pabilties ig. 13 Influneofn ground proximityeonvuiothwdtnl

This ons er ab out addiiotoo free flight Ons the eFf ofly the viionaity oihng gondb

Inrfigrmed n3ufeer figh stalls Tands the sallo wuth wheagels , incnactwiculathegroundsarec -

* casBlm ea iconsiderablynmc difepretmfrom fore flgt.ei commnthe a2nly taesistnbrcwnecnb

* stalled in ground effect. The maximum lift is unaffected and is reached at some 4 degrees
* smaller incidence angle. The F28 as a consequence is rather lift limited than drag limited

in a condition.

CONCLUSION

Perfect correlation of wind tunnel and flight results could not be expected, how-
ever, by proper interpretation of results obtained in both areas satisfactory results could
be achieved with limited amount of flight development testing. It may therefore be conclu-
ded, th~.t the stall development on the F28 prototype aircraft, aimed at achievement of both
high maximum lift values and satisfactory stall characteristics, was advanced to a high

* degree by extensive use of the wind tunnel.
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&I-drn 'Jet f-rnspeot a.--planes =t--=-r'IT ffy l speeds -.VII ihr~ ;,7w spe~ed stal;s.
There is no need for them to perform exfrezine manenrer*- at low or moderate speeds or at hih 2ltitudes

tbat migit force them near their maxiumam lift coefficim. O.-Ay dariz-g take-off ard lnigwhere the
lowest possible speed is desired, does the sctall become a -ftte of cozeern in the designa. in these two
critical phases of fligit, the operationl speeds mast be sach t221 adegazte margin exists for 2tmospheric
turibulence and piloting tolerance and that sufficiet lift is available for zecessaryp zaneawering. Tine =2g-
nitxides of these margais have been estzblished through- many years of experience and are defined, w-ith
but minor variations, by the var-Ins certificatirg agencies throughoat the world, both srlitary and civil.
Usually, the operational speeds for take-off and lazidirg Pre defized in terms of the stall speed of the air-
plane in the same configuration.

These operational speeds in turn define the useable take-off and landing field lemgths of the airplane.
The useable field lengths have a large impact on the economic usefulness of the transport, so nmcb effor:
is exerted in making the operational speeds as low as possible. Tbis, there is a desire to m~ake the stall
speed low and also to predict it accurately early in tne design stages whven the initial sales guarantees are
being made. The initial predictions will be made several years before the aiuplane flies. and ev-en the
detail predictions for the final production configuration will be made some two years before the airplane
is certified.

The importance of making the stall speed prediction accurately is demonstrated by considering the
case where the airplane is designed to land with a full payload in ejactly the field length available at its
destination. in this case, an error of only 5 percent in predicting the stall speed will result in a 38 pe r-
cent loss in payload capability and an -even more dramatic 55 percent loss in the potential profit available
to the operator on this particular mission.

The initial estimate of the stall speed of the 747 was made early in 1966 during negotiations with
Pan American World Airways, the original buyer. These predictions were steadily refined during the design
development of the airplane. Development of the low spe-ed configuration involved some 4000 hours of wind
tunnel testing over a period of 3-1!2 years. Many different detailed configurations were considered, bust
this paper will discuss only the final configuration selected for production and the methods used to predict

* its performance on the airplane.

The methods used to predict the full scale flight performance, starting from the wind tunnel data
of the final configuration, were not particularly elegant from the standpoint of theoretical aerodynamics.
They involved no detailed analysis of the boundary layer or effect of Reynolds Number on the various high-
lift components. The approach used was one of practical engineering, limited in scope by the usual
restrictions of time, people, and money. At the time the 747 w-as being developed, Boeing had already
built and tested a series of jet transport having sweptback wings, differ,-nt engine installations, and largely
varying gross weights. This experience provided a great bank of flight data that could be correlated with
the corresponding wind tunnel data as a function of configuration, center of gravity position, and wing

#-> -')
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FIGURE 1: 747 HIGH LIFT SYSTEM

The trail;-ig- edge flaps extend from the body to approximately 70 percent of the sp~an. The flap is
divided in~o two major components separated to allow clearance.- for the jei eflux 31 the inboard engine.
This space on the trailing edge is~ used for the inboard high-speed aileron. The trailing-edge system is
triple-slotted, similar to that used on the 727 and 737, but tailored to the long-range mission of the 747.
For take-off, the flap setting, as measured by the angle of the mid-segment, varies between 10 and 20
degrees, depending on take-off weight. The motion includes a great deal of Fowler action before much
angular deflection occurs. For landing, the flap is extended to its full 33 degree deflection.' The various
settings were selected after consideration of beP-h the lift and drag, and the corresponding effects on field
length performance, post-take-off climrb, and go-around after a refused landing.

*Called "position 30- in the flight handboook 2 .
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of the stall maneuver and its variation with gross ucignt. zince these dynamics are a very complicated
function of the drag and pitching moments of the airplane as well -as the lift, the actual value of this trend
with weight is very difficult to predict accurately. The values of wind tunnel C L used to develop these

max
plots differs slightly from those shown in Figure 3. The reason is t;-t there were no bloclage corrections
used in reduchig the 7-47 wind tunnel data shown here. This was done in order to conmpare with the previous
tests of the Boeing family, made before bloclage corrections were a normal part of the wind tunnel data
reduction procedure.

A similar summary of the j g CL is showr in Figure 6. Again, there is appreciable scatter
Lstall

in the data, and the sollid line represents the value used in making the 747 pre-flight estimate. The 747
flight test results gave I g C L Salsas much as 8 percent below the original estimate. This fact is par-

ticularly surprips'nc 'uince a test installation of the 747-type leading-edge flap on a 707 gave a correlation
fact jt. well duove the other a_-planes. The I g C L showed the same trend with wing ioading as was
indicated for the ',AR C L .t Stall
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lift shoalk be exp*cted as Reyvolds N..ber is increased.

in ordier to e-ral-ite these considezatio=, a wind tu-nnei test was made in the 12 foot pressare
ftu el 2t the Ames A.eratical Laboratory of the .NAS. vibere the Re•owls Number coald be raried
from !pproxiuately L 2 million up to 7.5 m;ilion. These data, shOWn in Fgure 7, are in good agreew•rt
at low ReyoLds N•mber with the data obtained in the Uni.ersi% of Washington wind h tuel when corrected
to the forward center of r-Zr _t-- pasition used in this figure. The increase in CL iith Reyvolds

.umber was relatively modest, and the data showed enoagb linearity to allow extrapolation to the full
scale Reynolds Number of 30 to 40 million. The flWht test data shrwn are the maximum C. 's achieved
in the stall (CL = cW) and .xicate an agreement --itiin 2 percent or less of the etr2poatad wind

tunnel values.
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C LMAX /- TRIM EFFECT

1208 FLAPS
TRIMMED
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I I I
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FIGURE 7: HIGH REYNOLDS NUMBER DATA

4.2 CL'S fo.r Minimum Uin-5tick Speed

FAA certified lift-off speeds are related to the mrinimum speed that the axipiane can demornstrate
a complete take-off, called VMU. The lift coefficient for thib condition can be limited by either CL

max
cr by the anCle 'f attack existine uhen the aft body contacts the cround. Therefore. it is , cessary to
estimate both the lift curve shape and the CL 10 croand effect. The baisic data for makinc this esti-

maX
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mg were c~ftimed ia the utrd #--Iasf a Rzed grx Plan rxmIfled to allow musamily high pitch
attas Am~ in Figmure L The lift crve so esiakbisbed was cbeeked at bigb ReywJ&g Nizaber and

FlIGURES8: TEST FOR CLMIAX IN GROfXJM EFFMC

*found~ to be essenially unchaned. Since angle of atac is suich an important parameter under these
conditions, the nodel used for this test had the wing twisted to represent the aeroelastic distortion of
the actual airplane &zing heavy weight, flaps dmmi, fligbt. These wind tunnel data were then co. rected
by correlation fadtors oibtined on previous Boeirg aircraft similar to those shown for the free-air conixi-
Waos. Resultant pre-flight estimates and sabsequent flight data are shown in Figure 9. The data shows

1 FLIQIT-TEST DnATA 1  NOTES:, n

* Z CORRECTEED TO FWD. C G.

0 a THRUST EFFECTS REMOVED

1.4

-- AFT BODY WiT, OLEOS EXTENDED

12-. TAIL SKID ADDED FOR CERTIF-ICATON

8 10 12 14 16

a. DEG

FIGURE 9: LIFT CURVE IN GROUND EFFECT

a scatter of 15 percent, typical of flight test information taken during the take-off phase. How -ver, it
does straddle very well the pre-flight estimate. A picture of this rather dramatic flight testing for
CL in ground effect is shown in Figure 10.

max

FIGURE 10 VIAU FLIGHT TEST
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4.3 Pitching Mos

The static ionctudina1 pitching moments play a dominant role in determining the handling charac-
teristics of the airplane daring the stall maneuver. Local separations on a swept wing can have large
effects oi wing pitdcn moments. Separations on the wing, body, and nacelles can influence the tail
coctrEbion to stability. Since these separatiow can be sensitive to Reynolds Number effects, it is
tifficalt to predict the airplane's fll-scale behavior if tt-. wind tunnel dab indicate a situation that is
marginal in any way. At Boeift oar phllosophy has been for many years to design for good pitching
momet characteristics under h'' Reynolds NumbLr conditions to assure good characteristics in flight.
A small pitch-up in the stall is p m vissible and temds to hold the airplane to a slightly lower specd before
It pitches down out of the stall peezossllle pitch-up most cause only a limited excursion in angle
ofattack, say 4 to 6 degrees, iriohe sentianly no increase in CL once Lhe pitch-up begins, and must
be followed b7 strovg pitch-do 4n to amrr=' a good clean break away from the stall

The wind tunnel pitching moment data at both low and high Reynolds Number and the corresponding
flight data are compared in Figure II, There is practically no change in wind tunnel pitching moment
data with Reynolds Number, probably a result of the cambered leading-edge flap. The flight data show
slightly saprior stability at stall eub-i ihan tb- wind tunnel data indicate. They also show that the wind
"tunnel predicted quite accurately the fM it values for the angle of incipient pitch-up and the angle of
recovery. These pitching moment cha, j.erlstics produced an airplane extremely easy to fly throughout
the stall maneuver.

OAB APP-0ACH ax
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L I I I I I
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FIGURE 11: PITCHING MOMENTS IN THE STALL
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5. CLOSING REMARKS

The methods used to predict the stall characteristics of the 747, based on previous experience of
Boeing transport airplanes, predicted the FAR C, withiiu about 5 percent, well within the confidence

A•qtall's

band expected during the design phase. In this particular instance, a better estimate would nave been
achieved by extrapolating the CL data taken ai varying Reynolds Number to full scale Reynolds

Number to get a full scale C This C , when used with corresponding values for drag and
gm " CLma L

pitching moments in a dynamic simulation of the stall maneuver on a computer, would have produced a
better estimate of the flight CL . However, applying the same techniques to other Boeing airplanes

would not produce as accurate an estimate. One must conclude that predicting the C remains a
LStall

difficult engineering problem in which judgment based on experience must continue to play a large part.
Eventually, better understanding of the detailed aerodynamics of stalled flow, particularly as it is
affected by Reyno!ds Number and the other full-scale items such as surface roughness and mechanical
protuberances, may lead to a more scientific approach to the problem.

• •• •• l228
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ON AIRFLOW SEPARATION AND BUFFET ONSET DURING FIGHTER AIRCRAFT MANEIVERING

by

Maj. (Dr.) Peter J. Butkevyfcz

Air Force Flight Dynamics Laboratory (AFSC)
Aeromechanics Branch (FXM)

United States Air Force
Wright-Patterson Air Force Base, Ohio, USA

SUMMARY

The occurrence of airflow separation on fighter aircraft wings during transonic combat maneuver-
ing, buffet, wing-rock and adverse yaw, etc., severely degrade the combat potential of the aircraft. The
need therefore exists to perform an in-depth, quantitative investigation of the airflow separation/buffet
onset relationship, and determine means to delay this flow separation to higher values of lift coefficients.
An experimental flight test program was sponsored by the Air Force Flight Dynamics Laboretory to determine
the buffet characteristics of four high performance aircraft. The aircraft were flown in transonic man-
euvers encountering conditions from buffet oiiset througn heavy buffet. The aircraft were heavily instru-
mented, i.e. accelerometer: (wing tips, c. g., pilot seat), wing root strain gages, wing static pressure
taps, and also had one wing tufted for flow visualization photographs. The aircraft were flown in the
baseline configuration as well as with various deflections of leading and trailing edge flaps. Some
wind tunnel data were also correlated with the flight test results. The purpose of this paper is to
discuss the results of the flight test progra, examine the effects of mechanical high lift devices on
buffet, and present some wind tunnel/flight test correlations.

NOTATION

Sqbols

Angle of Attack
b Wing Span
c Wing Chord
c.g. Center of Gravity
CD Drag Coefficient

CL Lift Coefficient

CN Normal Force Coefficient

K Scaling Parameter
A Wing Sweep Angle
L.E. Leading Edge
m Meters
M Mach Number
T.E. Trailing Edge

Subscri pts

B.O. Buffet Onset
.25c Quarter Chord
w Wing

1. INTRODUCTION

Throughout much of the history of heavier tnan air flight, the problems associated with air-
flow separation from wings were mainly analyzed from the standpoint of airplane stall and spin. Since
many of these early aircraft were grossly underpowered, and possessed undesirable stability and control
characteristics, the avoidance of the stall point became an essential reouirement during flight. Classi-
cally, the stall point was defined as that point on the lift curve where Lhe lift coefficient ceases toincrease proportionally with angle of attack, and often turns sharply downward.

With the advent of modern propeller fighter aircraft during World War II, flight speeds had
increased to the point whee the critical Mach number was reached over the wings. Compressibility and
buffet effects were encountered during high speed combat maneuvers and power dives. However, sustained,
long term buffet was not yet encountered.

Finally, in the evolution of high performance aircraft, comes the modern jet fighter. Typi-cally, these feature a high thrust to weight, thin, moderately to highly swept wings, small leading edge,

radii, and have the capability to operate in sustained supersonic flight. During combat however, whil',
performing high "g" maneuvers and altitude/velocity trades, it is found that even these fighters operate
over long periods in the transonic regime, and are limited in maneuvering capability by increasingly
severe buffet, wing rock, and consequent adverse tracking and handling qualities.

In order to more thoroughly understand the buffet phenomenon, flight test programs were under-
taken by the Air Force Flight Dynamics Laboratory. During these programs, four high performance fighter

2 2_1 9
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aircraft, Fighters A, B, C, and D, were flight tested in the transonic regire at altitudes of 25,000 and
35,000 ft (7,620 r. and 10,668 m) nominally, v:lile performing wind-up turns, and encountering conditions
from buffet onset through severe buffet. The purpose of this paper is to discuss the results of the flight
test programs relating high speed flow separation to buffet, examine the effects of mechanical high lift
devicei on buffet, and present some wing tunnel/flight test buffet correlations.

2. TRAPNLEC.IC FIGHTER BUFFET

2.1 Airflow Separation - Incipient Buffet

The flow separation phenomenon as experienced on the ,inn of a fighter is a complex pro-
cess. Leading edge separation, trailing edge separation, shock-boundary layer induced separation, and
their various combinations can all be present while maneuvering, and depending on the airfoil shape, angle
of attack, and Mach number, any of these may induce buffet. However, it may be generally stated that lead-
ing edge semaration (low M; high a) and shock-boundary layer induced separation (high M; a) are the two pri-
mary forms of flow separation which induce buffet. The separation process is also progressive, generally
beginning at the *ing tip, and expanding inward to the wing root. This systematic progression was found
to be similar on all the aircraft ýested, includirg the delta wing Fighter D. Figure I shows the initial
separated areas on Fighter A's wing at Mach Number .81 and with separation confined to the wing tip region.
The criteria used to establish initial flow separation and buffet onset was the initial increase in oscilla-
tion of the wing tip accalerometer. Static pressure tap readings correlated this separation well with the
accelerometers. The interesting point here arises that when these initial oscillating buffet loads are
transmitted to the fuselage and superimposed on the engine, duct, etc., vibrations, the buffet intensity
is attenuated, and the pilot does not feel the buffet onset. As higher lift coefficients are demanded,
the separated area increases, and buffet intensity increases and is sensed by the accelerometer at the
cockpit (See Fig. 2). Finally upon near total flow separation (Fig. 3) heavy buffet is in progress and
lateral/directional oscillation onset and wing rock are experienced. It is generally at this point when
the airplane dynamic stability and handling qualities are so degraded that gunsight trcking is deterio-
rated and further conbat maneuvering is not attempted.

2.2 Buffet Flight Test Review

With the above qualitative idea of the airflow separation - buffet ,elitionship in mind, some
quantitative results of the flight test program will be presented. The first point to b' ix:mined is the
relationship of buffet to the classical stalling point. On all aircraft tested, the initial flow separa-
tion (buffet onset) occurred at reasonably low values of lift co,?ficient as would be expected, without a
break in the lift curve. Figure 4, showing lift curves for Fighter C, indicats that buffet onset occurs
wnere the lift curves are still linear, and not until heavy buffet do V,, -..irves -•in to bend over. Thiis
trend is also shown in Figure 5, for Fighter D. The high speed analogy tJ thc ýtalli% point, there%,re,
correlates with the heavy buffet point and is associated with near total flow separatios aid severely de-
gradated dynamic stability and handling qualities.

Since for all the aircraft, initial airflow separation occurred at fairly low values of CL and
o,, the second point to be examined is the angle of attack for buffet onset. Figure 6 shows the buffet on-
set angle of attack for these aircraft. It is of interest to note that for the fighters with conventional,
swept wings (Fighters A, B, C) the correlation across the entire mach number range is good, in spite of
the rather large range of wing loading and differences in plan form. However, for the delta wing Fighter
D, the correlation did not hold up. Two factors are considered probable to effect this situation. Basi-
cally, Fighter D's lift curve has a much lower value of CL at a = 0, and has a lower slope than the other
aircraft (See Fig. 5). Therefore, to attain the same lift coefficient, a higher angle of attack is re-
quired. Secondly at high angles of attack, the leading edge vortex from the delta wing energizes the flow
sufficiently to keep it attached lower. Hence higher angles of attack were possible for each of the buffet
levels.

The shift in the angle of attack curves during the transition from light to heavy buffet was
gczerally well behaved. Figure 7 compares the trend for both Fighters C and D. It is noted that changes
in slope are small for a given Mach number, and it appears that the light buffet curves were merely trans-
lated upward. However, on Fighter A, the very nature of the angle of attack curve changes from (light)
buffet onset to heavy buffet at the onset of lateral directional oscillation (See Fig. 8).

Of extreme interest was the analysis of the lift coefficient (or normal force coefficiert in
the case of Figher D) occurring during buffet onset, and a correlation of these data. Figure 9 shows the
variation of (CL)BO with Mach number. Although the lift coefficient for buffet onset is a function of the
aircraft geometric characteristics (wing sweep, aspect ratio, leading edge radius, thickess to chord ratio,
etc.), mass parameters, and flight condition, it is seen that the (CL)BO variation with altitude is small.
This was especially true with Fighters A and D, and to a lesser degree with the Fighters B and C. Of spe-
cial significance was the fact that the altitudes and speeds constituted the majority of combat conditions
encountered.

As a further step in reducing the data shown in Fig. 9 in an attempt to compress the data field,
the CLBO was operated with a number of "scaling" parameters, i.e. altitude density ratio, sweep angle, wing
loading, etc. Since this plot showed minimal altitude effects, the altitude densit; and pressure ratios were
not of value as scaling parameters, and therefore the aircraft geometric and mass parameters were stressed.
The best scaling parameter found was (1/K cos A .25c) where

particular
K 4 W/S) aircraft

W(/S) average all
a crlft
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Other parameters (i.e. aspect ratio, taper ratio, critical Mach number) were investigated, however, in-
consistencies developed, and consequently these parameters were dropped from consideration. The results
of operating on CLBO with this scaling parameter are shown in Figure 10 with the dashed line showing the
mean. Variati)ns from this mean line range from 3% in the low transonic range, 10% in the mid transonic
range to about 13% for Mach numbers at about 0.9.

Although this was relatively simple scaling parameter, the results obtained were quite encourag-
ing, and were applied to other aircraft. Buffet onset CN's for Fighters E and P were obtained from NASA
FRC, and also scaled. These scaled points for Fighter E fell within the bounds established by the other
AFFOL flight test aircraft, as is shown in Figure 10. However, the Fighter F buffet onset did not corre-
late well, as shown in Figures !1 and 12. Figure 11 shows that the unscaled CN for the buffet onset of
Fighter F departed from the trends exhibited by the other fighters, for Mach numbers above 0.80. Since
the general shape and slope of the Fighter F unscaled buffet onset curve was at variance with that of the
other aircraft, the scaled curve also shows poor correlation, as shown in Figure 12.

As was stated earlier, the effect of the scaling parameter was to compress the buffet onset
curves. The procedure was reasonably satisfactory for all aircraft examined, except for Fighter F. It
should be noted that with this single exception, all other aircraft possessed moderate wing sweep (250 to
600), conventional airfoils (NACA 0004-64, 65; NACA 65A005.5, types), and for the flight conditions, hid
wing loadings below 100. Fighter F had geometric/weight characteristics which differ from the above an..
furthermore possesses a sharp leading edge, thus the lack of correlation is not surprising. However,
further work in the buffet onset correlation area is in progress, including incorporation of additionalaircraft, as well as additional mass and geometry parameters.

3. MANEUVERING FLAP INVESTIGATION

As was mentioned earlier, the flight test programs included the use of mechanical flaps to
investigate their effect on buffet and air-to-air tracking. It should be understood that the flaps were
those originally designed for use during take-off and landings, and therefore had to be mechanically fix-
ed to the desired deflection prior to flight. The single exception to this was in the use of fixed man-
euvering slats on Fighter C, which were specifically designed for maneuvering conditions.

In classical, incompressible aerodynamics, the effect of flaps and slats on the lift curve
are well known. The trailing edge flap deflection increases the CLMAx of the wing, and shifts the curve
to the left, decreasing the angle of attack for zero lift. The effect of slats, ideally, is to increase
CLMAX and the angle of attack at which it occurs, without shifting the lift curve.

During the AFFDL buffet flight test programs, both transonic wind tunnel data and flight test
data assessing flap effects were obtained. Wind tunnel test results for Fighter B with various leading
and trailing edge flap deflections are shown in Figure 13. It is seen that the effects of these devices
transonically is generally consistent with the predicted incompressible results. Leading edge flap deflec-
tions generally increase the CLMAX without shifting the lift curves, and trailing edge flap deflections
both raise and shift the lift curves to th-a )eft. Flight test results show the same general trends, how-
ever, some deviations are shown. Figure 14 shows the effect of flaps and slats on the lift curve of
Fighter C. It is seen that in the case of leading edge flaps 0/80/80, with no trailing edge flap deflec-
tion, there is a slight degradation of the lift curve. Otherwise, the effect of flaps and slats is as
expected.

The effects of maneuvering flaps and slats on buffet onset are clearly illustrated in Figures
15, 16, and 17. (Buffet onset is again defined as initial airflow separation.) Figure 15 shows CLBO for
Fighter C from Mach .75 up to .95. Successive increases in CLBQ are seen across the entire speed range
for each of the flap/slat deflection combinations shown. The highest values of CLBO are obtained with
maneuvering slats in combination with a trailing edge flap deflection of 150. This increase over the
baseline (no flap/slat) amount from 135% improvement at M = .75 to 38% improvement at M = .925. Clearly,
these gains are significant. A second point of interest seen on this figure is that the apparent degra-
dation of the lift curve (for 0/8/8, 0) is not carried over to CLBO. This implies that during maneuvering,
a leading edge flap deflection delays the initial airflow separation. A further point of interest is the
effect of slats on the drag polar. This is shown in Figure 18 for Fighter C. It is seen that an increase
in drag is indeed experienced at the lower lift coefficients, however for the higher lift coefficients
(M > 0.5) required during combat maneuvering, the drag level is reduced attesting to the improved wing
flow field.

It is pointed out that the flap deflection combinations chosen were not necessarily those
which were optimum. Furthermore, care should be taken with respect to generalizing and extending these
result, to other aircraft. For example, in the case of Fighter A, a leading edge flap deflection of 90
is excessive, and leads to degraded buffet characteristics. This is shown in Figure 17, where the highest
CLO'S were attained with trailing edge flaps only. The leading edge flap deflection does give slight
gains up to Mach .87, however, a degradation of CLBO below that for the baseline aircraft occurs after
that point. Implicit in the above discussion is the fact that the flap deflections are a sensitive para-
meter, and tests must be con.uc'nd to optimize these settings for maximum maneuvering efficiency. Ideal-
ly, such tests should be perurmed in a wind tunnel, with later inflight verification.

4. WINO TUNNEL - FLIGHT CORRELATION

The problems of obtaining credible transonic w;nd tunnel data are extremely complex, and have
been the subject of numerous recent meetings. Typical of these problem areas are:

a. Tunnel to Turnel Correlation

(1) Acoustic Noise
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(2) Test Section Hach Number/Static Piissure Gradient

(3) V~al] Porosity (Percent &Distribution)
(4) Sting Interference

b. Reynolds Nuiaber Effectc

c. High Lift, Wall :Interfere..ce, Buffet Conditions

d. Extrapolation of data to full scale flight -

Nonetheless, during the Fightei- B and C flight test efforts, a limited awmunt of wind tur.e._l/flight test
correlation was possible, which showed some significant trends, and fromrwhich some general corclusiomi
could be drawn.

Since buffet onset was defined in ttis-paper as the .initial airflow separation, this parameter
will be examined in more detail, with respect to wind tuinel versus flight predictions.

The detection of initial airflow separation as sensed by static pressure taps, is shown for
Fighter C in Figure 19. It will be noted t0t the wind t.unnel and flight test instrtmentation spanvise
locations are not identical. In sp'te of the differences in location, the agreement between flight and.
wind tunnel for initial airflow separation is quite good. A similar trend is shoA in Figure 20 wi;.ch
shows initial airflow separation as sensed by the wing-tip accelerometer. Upc'n comparing Figures 19 and
20, a close agreement for angle of attack at initial airflow separation is shown between the wing tip
accelerometer and static pressure instrumentation.

A final comparison between flight and wind tunnel indications of buffet onset is shown in
Figure 21, for Fighter B. The agreement on the buffet~onset point bktween flighi and wind tunnel-is again
seen to be good. It should be remembered however, that the above plots were for the baseline aircraft'
(no flaps). With the deflection of leading edge and trailing edge flaps, the agreement even as to initial
airflow separation varied widely and further study in this area is warranted.

5. CONCLUDING REMARKS

The material presented in this paper was intedded to be a qualitative and quantitative investi-
gation of the relationship of airflow separation to fighter air'raft buffet. However, there is a complete-
ly different aspect of the problem which is encountered when the pilot is introduced into the system.
Simply stated, the pilot is usually able to.perform accurate air-to-air gunsight tracking, even under
moderate to heavy buffet, as long as wing rock and adverse yaw conditions do not occur. This point was
shown through quantitative scoring of tracking films during the NASA FRC 'flight tests. Furthermore, some
fighter pilots have expressed feelings that buffeting enables them to "know-where they were" witth respect
to the aircraft's remaining maneuvering potential. Finally, comments have been made that the improvemeht
of specific excess power is a more important consideration than buffet for combat maneuvering. These
points are well taken, and in fact with the development"of new advanced fighters with thrust-to-weight
ratios on the order of one, thq thrust limitation should be'greatly diminished.

From the material presented in preceding sections, certain general conclusions can be made-

a. lhe buffet phenomenon is initiated with initial ,airflow separation ýat the wing tips.

b. The aircraft is in a buffet condition while still on .the lower part of the lift curve, and
without the pilot being aware of it.

c. The use of maneuvering flaps/slats greatly incrcases, the usable lift and eombat potential
of the aircraft, without a severe drag penalty.

d. Wind tunnel indications of initial airflow sepahation (buffet onset) gives good agreement
with flight test for the baselin0 aircraft.

Although buffet intensity alone does not appreciably degrade the pilot's tracking capability
until moderate to heavy intensity' levels are reached, the separated flow produces a significant perforn-
ance degradation and leads ultimately to a serious handling qualities deficiency-wing rock. Thus work
should be continued to delay buffet onset, and to reduce its intensities wherever possible. Some areas
where work should be continued are:

a. Continued corVelation of existing buffet data up th~rough heavy buffet.

b. Relationship of heavy buffet to loss 6f dynamic stability.

c. Wind tunnel optimization of maneuvering flap/slat schedule for maneuvering.

d. Wind tunnel techniques for improved correlation of buffet data with flight.
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Rztorically. =_-k cm bclffeti_-.g dasts back to tbe i-cr,&ti-atloc_ of an idt 4-- 193:) I~c- led to
wid_--t==l tesizg 0! ta!l broio tr4 t bI = angs of_ attark d. to inmr-sicc 1m the separatedd stsl_-ed-
wing flc.v. :beirll toe sstcc 'btfet'ig wes a~plied t.D sth is: %vibratlcas. and! early woet

enatdcc- *mat se mrw call 'tall boff'etime. 3:;!ftqeetl. Interest sh:iftad to the excitatice of taR
w~mg itself ly t~r f oztcastiz:g stalsle! slocw above it. and ttis is ubat is =ccrrotly memt by the term
t~fetingl. More i=~lv the ccrctezt' cf' =1 cl:msacexrres; of figh:ter aircraft at !igh szibuccic spae-ds.
!uffeting associated with~b s2:ok-!:ndncd se-paraticos bas become of p~.-cary izportance. A related1 problea.
sainly associated with. =-.v cc high eroc ct ccc-e3sar and belziccpter blades. is tbe c=!Illato..y
notice of- a stalled wimg I- 9=:!: a wa~r tst the catur*eof the fIlow se-paratica differs at -7-:fer__-t
Instants in the cycle. possibly switc!hing f-.= a ttach!ed to separated -low or frue a leaL- .g--edV to a
trailing-edge stall-. nis pheomno. kow= as stall-l-lutser. is usually assoziated weitl a marked
tors~eosl (pitching) wzng notice. wne efficity between- buffeting sand stall-flutter haa been discassed by
Fizg who pointeýd cut tL-t tbere se,3 be situaticos wkere It is difficult to zeks the distioc-ticei. A basic
feature of 1-here probleze Is tbe closed-loop interaction between the fluid notion. involving, saparated
flow. and the notice of t"e wing surface. *'wc types of zatheratical mo-del are available. Onee takes the
forms of nco-automcaout equations represestirg a niz.'D VIIRA~IO5. The other consists of aut=nmu
equations (Ze cot containing time explicitly) representing a mom-linear LIMIT CYCIZ (This latter type
of notice we will reffer to as 5Cý-LIJE& FlU"AWF~).

lInlst it. is custonary t-, regard structural buffeting as a forced vib.atlon, in which the aerodynamir:
forcing tarm can in principle be obtained from c-asurezents on a fixed wing,more basic research is
required to determine the licits of applicability of this appr.ach. In the distinction between forced
vibration and non-linear flutter it is p-obable that the mano amplitude of wing notion is a relevant
parameter. notion of small amplitude' leaving the turbulent fluctuations in the separated flow essentially
the sawe as in the fixed-wing case but leading to a small additive motioo.-deopendent aerodymsanic component
(whose influence is primarily in damping). As the axplitude of motion increases, however, the possibility
arises of the 'entrsinzent' of the larger sc-3le irragular flow fluctuations, which influence circulation
and wing lift, into a determ~inistic relationship with t~-e wing motion. -his type of resonance is of course
most likely if the frequency of wing notion (Stroubal -in.ber) is close to some natural frequency of
vorticity shed~ding in the separated flow. Thus, as t". ai-plituie o; not'cn increases, a changeover in the
type of closed-loop interaction could occur.

An analogous probler concerning the choice of appropriate theoret-zcal model also occurs in connection
with wing-rocking. It is not yet clear whether wing-rocking should be regarded as the aarodynanicrally
forced respo'Jse of a ratable system or in teros of limit-cycle oscillations of a system which is unstable
at zAll amplitudes but whose notion is hounded by amplitude-dependent non-linear forces. in important
area for future work is to determine the appropriate characteristics that may be :.dentified on relatively
rigid wind-tunnel models indicating the onset of wing-rocating ikt full scale. Corresponding to the t.o
typos of theoretical miodel (forced vibration or limit cycle) appropriate indications e~ther tare the form
of measured fluctuating aerodynamic forces 'such as rolling moments) or of the breardoxu of some lineai
stsbility criterion for rigid-body motion (Dutch Roll stability for instance). The basic distinction is
that thi former method is based on the FIICiUATING part of measured eerodynz~ulc foroot under separated
flow conditions whilst the latter is based on the I=A aerodynamic forces which deter-sin stability
derivativyes. 2 0)39
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bxffe'±ir4 At 1A't subsonic; 89969 ss rlevant results frcm: recent flight tests a"e described in section 9.
VIrt :h. 7-eeadimng &xiasis bas bern quite general. And appicable to an arbitrary mode of

str~t=02 rwe=se. in tbe eCse of wing Vtzuctura- buffetig we take the view (in comon with most previous
sczkez ) tbwa - linear forced wit.,-atiEce model is gemera'lly a7prcpriate. In tb2 following section so consider

*in mee deftail sm a ec.l for beffeting res~ccse in the first wing-beading mode.

3 R7ML'.&L OF!Zfl ASD II3- I3M

In the cose of strcct=4a buffeting of a wing it is usual vo assme that a forced vibration theoret-
Ical me~e! witBh ILaser aeredynamic dtaping, andar-4ns~ excitation cbtaimable from fixed-wing measurso-
aunts, is applicabMle. T-be respcmse in the wte wit:- displacenent deffined IF the generolised co-ordinate
Z(It) Is tben r e te. y the linear differential equation

XWis the aerodynni excitation. hewing no feedback ffros wa'i- motioa, abtained as sn integral over the
wing imnvolvtcg the associfate4 fluctuating; pressue distritutico aad the mode sbape. Statistical -response
calculations, an the tasis; of' e~iation (1) involve tb2 power spectrus of. x IY). obtainable in principle from
cross-correlation meas=:remnins of fluctmaticg pressures. ?his analytical model (Fig 3), appl~e totefis
sysmmtric; wIng-bendaing mcde, baz bee the csual way to treat structural buffeting in the past '.in

equatsctc (1).M4 is ZO 'eqcivalenat -, I and b)o is the -_ndan-ped natural frequency. It is assmmed that the
sign-ificant onmpcnect of motion deperdent aerudeynsaic force takes the fors; of a linear viscous dazping term,
with dampiag ratio _§. . the effect of aerodynamic forces cc the stiffness and inertia being negligible.
In geceral, arrodynaztc dampring: will depend con freqvency. but since we are considering the response in a
single relatively ligbtly-damped structurl mode. the Approximation with S.taken as a constant will be
ateaquate providied we use a value appropria-te to the be-.uiing frequency. The contribution of structural
damping bas been purposely ozitted free. equation (1), as its contribution appears to bes significantly smller
tbanm thi-t of aercedynairic: dacping in the buffeting situatier on a full-scale aircraft and, mor-eover, its
correct representation is still subject to uncertainty. The simplest assumption would be to assume a

* - viscous dampine proportional to the rate JZI~t, in ibicsh case tbL energy dissipated per cycle would be
puroportional to frequency. However, there is evidence that both the slipping effects of a riveted structure
jad the internal deaping of many eedneexring mterials exhibit a type of damping in which the energy loss
per cycle is prepartional to the square of the strain amplitude, independent of the frequency. This is the
assumption site in the theotretical analj mis in Ref 2. It should be noted that equation (1) neglects possible
aerodynazic coupling between the nodes under consideration and other structural modes. As discussed in
section 2 the principle quaestions; raised by the forced vibration model. equation (s), and which require
further ezverimectal investigastica. are airether the statistical properties of X~t) are in fact independent
of tme zean amplitude of wing notion and whether the aerodynazic damping is both linear and predictable.

?be dynamic analysis of' rigid-body motions in the presence of separated flow follows the general
pattern outlined in section 2 andz will1 only be discussed here in general terms. The principle rigid-body
amode of interest is the lateral roll-yaw oscillation, or Dutch Roll. In the case of wing-roc-king, two
possible types of analytical model exist. analogous to the systems illustrated in Figs 2b and 2c, one repre-

* senting an autosnoous osciJllation and t-he other a forced vibration. On the basis of existing information
it is not yet clear which Is tbe appropriate formulation. However. a flight-test investigation of this

* questicn is in progress (see section fl. if wing-rocking proves to be an autonomous oscillation with the
cotion unstable at small amplitudes but confined to finite awplitudes by nonlinear forces, its onset nay be
preceded by a detectable decrease in Dutch Roll stability. This would linkr wing-rocking with thos

* ~phenomena involving a divergent instability (wing-dropping, nose-slice) whose onset has previously' been
associated with linear stability boundaries. In all such cases, the aerodynamic derivatives required are
those rel vt to the secarated flow condition. including effects of wing separated flow on. the rear fuselage
or tail aid in the cas'e of damping derivatives sho"Id be evaluated at smell amplitudes of motion. The
other possibility is that wing-rocking be interpreted as a forced vibration, excited by fluctuating aero-
dynamic forces which are independent of wing motion. Fluctuating rolling moments have be-n observed on
fixed maodels at high lift, bout it is not known to what extent coupling arises when rolling motior' occurs.

4 CONTrRAST ~TEMX E1riSMALLY FORCED MWV STREC1JMRLLLY RSPONDIWJ WING

Whilst the mutual interaction between the separated flow field and the motion of the wing surface is
an es3ential part of Vie buf~feting phenomenon, significant information can be obtained by breaking into the
loop and considering the fluid motion. and associated pressure fluctuaticas, in response to an externally

* ~imposed time history of' wing motiov. We will reffer t~o such open-loop response as 'externally forced' in
contrast to the closed-loop, mutually interacting, case when we willsay the wing is 'structurally responding'

* (Fig 4). The distinction is that in the case of a structurally-responding wing the aerodynamic force is
related to wing motion through the equations for structural response. In the case of externally-forced motion
however, the existence of additional externally imposed forces destroys the influence of pressure fluctua-
tions (and the asaociated aerodynamic force) upon wing motion.

Using the terminology introduced in section 2, if the motion of the structurally responding wing takes
the form of non-linear flutter, the fluid notion is related to wing motion in a completely deterministic
manner. In this case the flow field and associated pressure fluctuations depend only on the tine history of
motion oO the wing and are independent of whother it is externally forced or is structurally responding.
However, if the structurally responding wing motion takes the form of an aerodynamically $fre vibration'
(section 2), the flow field is random and the statistical properties of oresaure fluctuations will )in general.
differ from those occuring on an externally forced wing. even for identical time histories of wing notion.
Foe. in the case of externally forced notion, the ensemble (fanily) of fluid notions corresponding to a given
time history of wing motion consists of' all those flow fields compatible with the boundary conditiona
imposed by the wing surface velocities. In the case of a structurally responding wing, however, there is a
smaller ensemble of compatible fluid motionis consisting of the subset of flow-fieids Vhich satisfy IN
ADDITION the relition between aerodynamic force and wing notion imposed by the equations for structural
response (F'ig 4). Since the aerodynamic force is obtained as an integral over the wing involving pressure
fluctuations ani mode shape, in the case of a structarally respon&ing wing there is an additional integral
constraintenforced on the 3snemnble of possible flow fields. A particular corsequence is that the
fluctuating aerodynamic forces on externally-forced and strdcturally-respond~ng wings have dif'fering
statiotical properties, which we will illustrate by means of a nunerical example.
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Consider the structurally-responding wing whose motion is defined by the differential equation

This is a simple extension of equation k)) to include the effect of viscous structural damping ts
Without loss of generalit we have chosen units such that the undamped natural frequency is unity. The
overall dam.ing ratio F of the system has been taken as 0.1, 20% of which is contributed by structural
damping. Thus t = motio1

The power spectrum of aerodynamic excitation xCE) is taken to be flat in the vicinity of the resonant
frequency, and to have unit power per unit bandwidth. The power spectra f, of witi motion and of
total aerodynamic force (Fig 3) are then as illustrated in Fig 5- It can be seen that whilst • has a
peak for frequency 04 1 C has a corresponding region of low spectral dens'ty (a 'hole' in the
spectrum)n

Suppose now than an experiment be performed in which the wing is externally forced (Fig 4) to follow
an identical time history of motion. That is to say, the wing is constrained by additional external forces
to move in such a way that Z(k) follows the solution of equation (2), but is now completely uncorrelated
with the motion - independent component of aerodynamic force x C). In this situation, although the
spectra of Z(b)and x(k) are unaltered, the spectrum of total aeroeynamic force differs from
as illustrated in Fig 5, IS having a peak related to that in !F . It is clear from a comparison of
and J that, in the case of a structurally-responding wing, the phase-relation existing between Z(k)and!J
xjQt) gas a dominating effect on the spectral density of the total aerodynamic force in the neighbourhood
of the resonant frequency. The correlation existing betwesn ZLW)and XW) is an essential element of the
way in which aerodynamic damping operates: by partial cancellation of the motion-independent component of
aerodynamic force. Some implications of this result for the interpretation of measured pressure fluctua-
tions from flight-tests are discussed in section 6.2.

5 INTERPRETATION OF STRUCT'URAL RESPONSE MEASUREMEENTS

The consequences of the 'forced vibration' theoretical model, for the interpretation of structural
response measurements of a buffeting wing, have been extensively discussed elsewhere (see, for example,
Ref 2). Here we briefly review those results applicable to full-scale flight tests.

Measurements of structural response may be made using strain gauges or accelerometers. The former
technique has been extensively used in the past for predictigg full-scale buffeting intensity on the basis
of wind-tunnel tests, for instance in the technique of Mabey in which relatively rigid models are used
and tunnel noise employed as a reference excitation. However, if the objective is to measure the fluctua-
ting motion of the wing, accelerometers may be preferable.

On the basis of the forced vibration model (Fig 3), applied to buffeting response in the first
wing-bending mode (for instance), the effects of varying air density may be deduced. If we make the
assumption that the damping is predominantly aerodynamic, then since aerodynamic forces are proportional
to ao r density, we have= x (3)

Making the additional assumption that the aerodynamic excitation X(L) has a relatively flat spectrum
in the vicinity of the resonant frequency, S may be deduced from the rate of decay of the autocorrela-
tion function of a band-pass filtered accelerometer (or strain gauge) signal. In conjunction with
equation (1), equation (3) implies that Y(

a-= co Kst , (4)
where C- is the root-mean-square value of fluctuating normal acceleration (for instance) over the
bandwidth of the mode considered. Equations (3) and (4) refer to conditions in which dynamic pressure
is varied whilst non-dimensional aerodynamic parameters are held constant. In particular, it is
assumed that the separated flow 'pattern' is insensitive to associated changes in Reynolds number. It
should be noted that this restriction almost certainly excludes conditions near buffet onset, when
separated flow is first developing on the wing.

Measurements of the structural response of a buffeting wing, obtained from full-scale flight tests
in which variable air density was obtained by testing ov3r a range of altitudes, are described in section 9.
In the case of wind-tunnel experiments it is in principle nessible to subject theories for buffetig .0 a
more critical test by comparing models with differing stiffness. For example, Rainey and Byrds ng t'. ted
models having identical geometry but constructed of steel, aluminium, and magnesium alloys, and rowpaed
results with theoretical predictions (including effects of structural damping). In Ref 2 the possibili Y
of a significant variation of the statistical properties of aerodynamic excitation % LEz) (Fig 3) with
the mean amplitude of wing motion is suggested and the linearity of aerodynamic damping in buffet queried.
Twelve years later, answerz to such questions are still only speculative and the need for further wind-
tunnel experiments is apparent. Moreover there is now a :equirement to extend our understanding to higher
transonic speeds where shock-induced separations play a crucial role. An experimental programme to
investigate these problems further is currently being deieloped at the Royal Aircraft Establishment.

6 SOME APPLICATIONS OF FLUCTUATING PRESSURE HEASUREMFi'S

There is an increasing trend towards the use o fluctucet.ng pressure measurements for the study of
buffeting. We now consider some possible applications ei such measurements on the basis of the forced
vibration model of buffeting.

6.1 Measured fluctuating pressures on rigid wing

By taking measurements at a sufficient number of pcints, and integrating pressures to obtain overall
forces, it is in principle possible to use fluctuating pressures on a scaled-model rigid win6 in a wind-
tunnel as the basis of a statistical calculation of buffeting response. The basic quantity required for
such a calculation is the power spectrum of X(W) (Fit 3), which arises as an integrated product of the
structural mode shape and the cross spectrum of pressure fluctuations. As a result, only thoee fluctuating
pressures which are correlated over distances of the ore r of a 'wavelength' of the structural mode will
significantly contribute to the excitation. In the case of the first symmetric wing-bendIng mode, only
thosa pressure fluctuations contributing to fluctuations in circulationand lift on associated chordwise
wing sections,vill be relevant. In contrast to the excitation of wing panels by a region of separated flow,

" 2,4
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when the associated relatively high frequency pressure fluctuations are generated primarily in the shear
layer and appear almost exclusively directly beneath the region of separated flow, the effects of
separation on circulation and associated lift arise is a way that is not fully understood. Or.* pe -wbility
is that a significant component of fluctuating circulation may arise as an indirect effect of the
separated flow, through the breakdown of the Kutta condition which normally determines the circulation.
We cannot necessarily assume that the relevant pressure fluctuations are located only beneath the
separctid flow region. It is quite possible that the whole flow field around the wing is inherently
unsteWA and thus pressure fluctuations which contribute to fluctuating lift may be significantly large at
all poitas where there are large spatial mean-pressure gradients.

On the assumption that the aerodynamic excitation XL is statistically independent of the mean
amplitude of wing motion, and that some means of estimating the damping is available (see section 7). an
estimate of the power spectrum of X(E) based on rigid-wing measurements may be empioyed in a calculation
of buffeting response using equat;on (1). This method has previously been employed to a slender wing
with a leading-edge vortex. Howe-ier, in the case of a swept wing at high, subsonic speeds, the possibility
of using fixed-wing pressure fluctWotions ae a basis for the prediction of buffeting amplitudes requires
critical investigation. The aerodynamic damping ratio • in general contains coriponents from both
attached flow and separated flow regions on the wing, and should of course take the value appropriate to
the mode frequency. In section 9, flight-test results are described which indicate large variations with
CN of aerodynamic damping on a buffeting wing. This may imply a significant limitation on the quantitative
use of pressure fluctuations measured on rigid wings.

6.2 Measured fluctuating pressures on structurall responding wings

We turn now to the case where fluctuating pressures are measured on a buffeting wing which is
structurally responding in a flexible mode. This includes hoth full-scale fight experiments and
measurements in wind-tunnels using models with scaled elhstic properties. The interpretation of cuch
measurements, if taken in isolation, is complicated by the fact that the fluctuating pressure distribution
i in general the sum of superposed aerodynamic excitation and response fields (including aeýOdynamic
damping). As we shall indicate, considerably more information may be obtained from wind-tunnel tests if
fluctuating pressures on structurally-responding wings and on rigid wings with similar geometry are compared.

We suppose that the wing buffeting is approximately modelled as a forced vibration, in which case the
fluctuating pressure L) at an arbitrary point on the wing may be expressed as the sum of two components:
a 'motion dependent' component P(4)and a 'motion independent', or aerodynamic-excitation, component X(Q).
The power spectrum of PAW will consist of asnarrow-band peak at the resonant frequency of response and
the spectrum of •(k)is assumed to be relatively wide band. At points on the wing where the priparycomponent of PQ•)s ?)(this probably includes most points on the lower surfaca) the spectrum of Ro will

consist of a narrow band peak (see Fig 12b). In general, however, ) and il both contribute
significantly and the 1hape of the spectrum of •)will depend critically on the degree of correlation, and

the phase-relationship, tetween these two components. It is argued in Ref 6 that the power spectrum of
could in principle take an:, form between a wide-band s ectrum with a superposed narrow-band peak and a
wide-band spectrum with a 'hole' similar to that in • Fig 5. However, the latter phenomenon would
require almost perfect correlation between jx() and x() and between (Qand tha 'motion-dependent' aero-
dynamic force, and it is dobtful whether the spatial correlation of k is ever sufficiently strong for
this condition to be realised on a three-dimensional wing.

We may conclude from the above discussion that measured pressure fluctuations on a structurally
responding wing, as in flight test-,, are difficult to interpret on a quantitative basis. In contrast. by

comparing power spectra of fluctuating pressures on a structurally-responding wing and on a rigid wing with
similar geometry in a wind-tunnel experiment, it should be possible to obtain a relatively direct test of
the appropriate analytical model for buffeting. Whilst the interpretation )f spectra at resonant frequencies
is subject to the uncertainties described in the previous paragraph, the conclusions to be drawn by comparing
spectra from structurally-responding and rigid wings at off-resonance frequencies are relatively straight-
forward. A basic assumption required i. mest practical applications of the forced vibration analytical model
of buffeting is that the statistical pr,perties of aerodynamic excitation are independent of the mean
amplitude of motion. This result implisa that spectra of fluctuating pressures measured on structurally-
responding and rigid wings should be identical except in the immediate noigbbourhood of resonant frequencies.
If, due to wing motion, the spectra are modified over a wide frequency band. but a significant amount of
energy reiname at off-resonance frequencies, the forced vibration hypothesis may still be valid but the
statistical properties of excitation cannot be deduced from rigid-model tests and the analytical model
loses much of its practical value. If, as a result of wing motion, a negligible amount of energy remains
in the pressure fluctuation spectra, except in the neighbourhood of the resonant frequency and its
harmonics, the flow field on the atructurally-responding wing has become essentially deterministic and the
concept of a forced vibration is not long•*, appropriate.

The essential characteristics of the above type of experiment remain unaltered if, instoad of using a
straoturelly responding wing. we use oruwhich is externally'forced to oscillate sinusoidally at the
appropriate frequency and amplitude. As discussed in section 4,preeaure fluctuations measured at
the frequency of oscillation may differ significantly in this case from those on the structurally-responding
wing. However, the interpretation of the effect of wing motion at frequencies other than that of the
forced oscillation is essentially as discussed in the previous paragraph.

Whilst experiments of the above general type have been previously performed, none is directly
relevant to wing buffeting at high subsonic speeds. It would appear that some basic research of this type
is necessary in support of the experimental investigation of wings at highi lift currently being planned on
the basis of wind-tunnel tests of relatively rigid models.

7 TE MEASUREMNT OF AERODYNAMIC DAMPING

In order to make use of measured pressure fluctuations on a rigid-w.ng, as described in section 6.1,
in a dynamic calculation of buffeting intensity it is necessary to estimate the aerodcynamic damping. A
general review of experimental techniques for this purpose is given in Rer I1, where a wide variety of
methods is discussed in detail. Here we indicate the novel features that can arise through the existence
of random pressure fluctuations associated with regions of separated flow. Particular attention is paid to
wing flexible response, but the general ideas are eqi ally applicable to the case of rigid-body motions.



To recapitulatep on the basis of the linear forced vibration model for buffeting, it is assumed that
the time-varying f*rces on the wing may be separated into two components. one providing stabilising forces
(particularly damping) linearly dependent on the motion, and the othor providing the driving mechanism.
In contrast to the case of attached flow, motion-dependent forcas such as damping must be measured
statistically, ideally averaged over many cycles of wing motion.

Three cain types of damping measurements are possible in the present contexts
(a) These which are based on analysis of the natural buffeting response, assumed to be due to thefluctuating force component x() .

(b) Thosz which make use of external Influence to set up initial conditions, the analysis 1,. '.g
based on the rubsequent transient response.

(c) Those which make use of a continuously-applied external fluctuating force.
We discuss each of these in turn.
(a) On the assumption that the fluctuating input X4) is not only unaffected by wing motion but also has
a flat spectrum in the neighbourhood of the structural response frequency, the shape of the power anectrum
of wing motion Z(W), or alternatively the autocorrelation function of Z (I) , may be used to estimate the
otal damping. In the case of a power spectrum measrement the damping may. in principle, be determined
from the bandwidth of the spectrum peak between ti- half-amplitude points, and in the case of the auto-
correlation function from the logarithmic decrement of successive peaks. In practice, because of the
smoothing effect of the 'windows' employed in spectral analysis, the latter method generally proves more
satisfactory. Assuming that the structural damping is either known (say from ground-resonance tests),or
negligible, we can thus infer the magnitude of the aerodynamic damping ratio

(b) Under conditions of attached flow, a standard method for the measurement of damping ratio involves
perturbing the system with an initial transient excitation and measuring the subsequent rate of decay of
response. For instance, in flight tests. 'bonkers* at the wing tip are sometimes used in flutter
irvestigations. and in a wind tunnel.initial perturbed conditions may be set up and the model subsequently
freed. An analogous test method may also be used in the presence of separated flow provided the results are
analysed appropriatelv In this situation the transient response does not decay to zero but to an 'equili-
brium' level of fluctuation dependen'& on the amplitude of excitation X L) . Indeed, it is this
residual response fluctuation which it used to measure damping in method (a) above. The method under
discussion makes use of response amplitudes raised above the residual fluctuation level by the externalny
imposed initial conditions. This increase in response amplitude will lead to improved aucuracy in damping
estimates in the sense that the amplitude of motion can be measured to a higher percentage accuracy. How-
ever, the choice of method is not entirely F_-bitrary, and depends on the proposed application of the
damping measurements. Since. particularly ander separated flow conditions, the aerodynamic damping may in
fact be amplitude dependent (non-linear), estimates -7 -se in an (approximate) linear model should be
based wherever possible on measurements at the response amplitudes of interest. If it is desired simply
to estimate the parameters in the dynamic mode; of buffeting response illustrated in Fig 3, the response
level of interest is that of the residual fluctuation after any transient disturbance has decayed andmethod (a) above is appropriate. However, if it is desired to predict the response of the system in the

presence of external disturbances (such as atmospheric turbulence), or +o investigate possible non-linear
(samplitude dependent) effects, or if the residual fluctuation level is so low that accurate amplitude
measurements cannot be made, the use of an externally imposed initial disturbance is called for.

The ivaluation of damping ratio from thp decay of response subsequent to prescribed initial conditions
must take account of the existence of the continuing fluctuating force X(-) (here assumed to be of non-
negligible amplitude). The standard method, appropriate in the attached-flew situation, of taking the
log-decrement of successive response peaks, leads to an estimate of damping biased to low values, as
the effect of X(1)is to reduce the average rate of decay of successive peak amplitudes. It can be shown',

however, that an unbiased damping estimate can be based not on two peak values but on the response
amplitudes at two successive instants, the first of which corresponds to a peak and the second occurs a
time later equal to one mean period (owing to the disturbing effect ofx(ý)the time igterval between successive
peaks will vary in a random manner). Furthermore, such estimates should be combined using a weighting

* factor equal to the square of the initial peak amplitude (as the effect of x(Q) is relatively less at large
amplitudes of response). It can also be shown that if, as a special case, thic technique using weighted
estimates is applied to the free response of the system to the continuous aerodynamic excitation XL),, the
result obtained for damping ratio is exactly the same as the autocorrelation estimate described in method (a).

(c) A third approach tn damping measurement makes use of an oxternally applied continuouc fluctuatinp
force, or 'test-signal' .(•)(see Fig 6). It can in fact be subdivided into two distinct wethoda, one of
which makes use of croLs-correlation techniques and the other of the measured rate of working of an external
force. As in case (b), above, it is relevant that the aerodynamic damping in the presence of separated
flow may be amplitude eependent, and so the test signal must not raise the average response level above
that relevant to the particular application for which a damping estimate is required. If the required
amplitude is that corresponding to structural response to the aerodynaric excitation X U) , we have the
problem that the test signal tA1) should be of an intensity which is measureable and yet small enough to
leave the overall amplitude of response essentially unaltered.

Using cross-correlation techniques, the test signal ULL) should be a random function with bandwidth
significantly larger than that of the buffeting wing motion. The aerodynamic transfer f.nction, and in
particular the aerodynamic damping ratio at the structural response frequency, may thenin principle, be
obtained as the ratio of cross-spectra f /Fig 6). This method has the disadvantage that
measurement of the fluctuating aerodynamic force 4(Q) is required, involving integration of measured
pressures over the wing, and to the author's knowledge has not yet had a practical test.

A simpler method of analysis is that described in Ref 3. This makes use vf the fact that the total
damping in the closed-loop is related to the average rate of working of an external force. Moreoverj this
quantity is relatively simple to evaluate for a sinusoidal forcing function at the undamped natural frequency
of the wing. It is shown in Ref 3 that, using the terminology of equation (1) and taking time averages:

2M1 0 W.Lkk) okc/L.t = t W.
Ref 3 describes an electromagnetic shaker system whereby jTx) is determined from the current and
u•)*[,s± from the power consumed. Thus the total damping t may be measured and,assumlng that the

structural damping is known (eg from a wind-off wind-tunnel test),then . can be deduced.
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The above method is not the only one possible involving external excitations a var--ety of similar
techniques are described in Ref 11. It has been singled out for attention here because it has been
practically tested with apparent success in the context of unsteady separated flow.

A fundamental difficulty in r.ll techniques involving the application of externally forced excitation
is that motion must take place in the mode of interest. In the case of rigid-body modes there may be
relatively little problem, but in the case of stractural response in a flexible mode it is genera]ly
difficult to excite motion purely in a particular chosen mode - a fact that is well known in the context
of aircraft ground resonance testing.

8 RMONSE TO TRASISWT BUFFET EXCITATION

We end this outline of theoretical methods f?ý the dynamic analysis of buffeting by mentioning that
the 'forced vibration' model (Fig 3) has .ieen used as a basis for the investigation of buffeting response
occuring during a transient incursion into the buffet regime, due to either a gust or a manoeuvre. Using
the theory of non-stationary random processes, observed lags in buffeting build-up and decay can be shown
to be of similar size to the predicted delays in the response of wing structure. These delays in structural
response are in addition to lags associated with unsteriy aerodynamics. A particular application discussed
in Ref 12 concerns the buffeting induced on a subsonic rans;ort aircraft by a vertical gust. Such an
aircraft often cruises quite close to its buffet onset boundary and,in severe turbulence, may be expected
to intermittently penetrate beyond its buffet boundary due to fluctuations in incidence.

The dynam4s analysis of this situation may be based on the model illustrated in Fig 3, in conjunction
with the theory for the transient response of a linear system excited by a random input. Ibis theory may
be used to evaluate the response of the system, in statistical terms, when an input signal such as x(C)
(Fig 3) is either suddenly switched on, or grows smoothly from zero amplitude in some prescribed manner.

For instance, euppose that XLQ , equation (1), takes the formX Lk) = cU (.k) ,where NRL) is 'white noise' of uniform spectral density i (per red sec-l) and OC) is a prescribed

function, related to the incidence penetration beyond bufff6 onset, satisfying

Then it can be shown that the equation for the (ensemble) mean square response O7Z at time t is given
by c2(L) t I (_) _-C) cix,
where MEI) is the response of the system to a unit impulse. Practical applications of this result are
describ6d in Ref .2, and include, for instance, the effect of the length of a gust on the alleviation of
maximlum buffeting response.

9 FLIGHT TESTS TO INVESTIGATE BUFFETING

During 1971 flight tests on wing buffeting and handling characteristics nf a small combat trainer
aircraft during high 'g' manoeuvres have been carried out at the Royal Aircraft Establishment, Bedford. The
general objective of this flight programme, which it is intended to continue in 1972, has been a clarifica-
tion of the handling limitations, associated with wing flow separations, particularly in the range M=0.7 to
0.9. Whilst the emphasis in the quantitative results obtained so far has been on wing structural buffeting,
particularly in the first symmetrical bending mode, it has become increasingly apparent that the primary
limitation on the performance of this aircraft at high 'g' levels is the degradation in handling qualities
associated with wing-rocking (see section I). The aircraft, whi'hhasa 7% thick swept wing, carries on-coard
recording equipment for pressure altitude, airspeed, normal acceleration, wing incidence (obtained using a
nose probe) and aileron angle. Telemetry is employed to obtain ground-based records of fluctuating wing-tip
and cockpit acceleration, end fluctuating pressures at three points on the wing upper surface and one on the
lower. Quasi-steady buffeting conditions have been obtained for periods of approximately 10 sec during
diving turns in which Mach number and normal acceleration are held approximately constant. A typical measured
power spectrum of the fluctuating output of a wing-tip accelerometez is illustrated in Fig 7. A variety of
modes, indicated by spikes in the spectrum, are present, the one of lowest frequency corresponding to symmetric
wing bending. The response in this mode appears to play a significant role in the pilot's perception of
buffeting, and was selected to provide a measure of buffeting intensity for quantitative analysis. For this
purpose the output from the wing-tip accelerometer was filtered so as to remove most of the contribution from
other modes. Fig 8 is typical of results obtained in this manner. Buffeting intensity, as measured by the
root-mean-square intensity of the filtered signal, steadily increases as normal force coefficient is increased
above a level corresponding to 'buffet onset'.

A typical sequence of events, as wing incidence is increased, is for a local region of separated flow

first to appear over a small region of the wing in the vicinity of the tip. The fluctuations associated
with such a separation are of relatively high frequency and excite only high order structural modes. As
incidence is further increased the area of separated flow grows and the structural response extends to
lower frequencies. (The relationship between the spatial extent of a eepafjtion bubble and the
associated frequencies of fluctuation has recently been discusc.'d by •X•-by ). Only when the separated
flow covers a considerable area does the first wing-bending mode become significantly excited and it is
at this point that a pilot appears to first become aware of structural 1-affeting. It was established that
pilot perception of buffet onset corresponded approximately to an rms output of 04O.759g from the filtered
wing-tip acelerometer (Fig 8). This quantitative value was subsequently used to identify the buffet-
onset boundary, Fig 9. T,1i general trend of this boundary is consistent with results obt3ined using
wind-tunnel models, the upturn at M>0.85 being associated with the change from a leading-edge bubble-type
seearation to an outboard shock-induced separation at the higher Mach numbers.

The opportunity has been taken to measure the damping of the first wing-bending mode during buffeting.
On the assumption of the forced vibration model for buffeting, involving widle-l'and excitation, the damping may
be obtained from the autocorrelation function of the wing-tip accelerometer signal. Typical results are
illustrated in Figs 10 and 11. As the interpretation of the auto-correlation function in terts of damping is
subject to the theoretical model assumed, we have called ý the 'apparent damping'. Values of ý before
buffet onset are obtained from dynamic tests using excitation by small tip rockets (bonkers) or flights
thrcugh turbulence. It can be seen from Fig 10 that c increases markedly as the buffet onset level is
apprcached, and subsequently decreases again. This result iodicates that practical problems occur as to the
choice of damping values to be employed if calculations covering the whole ranre of buffeting intensities are
to be made on the basis of a forced vibration theoretical model. The variation of t with altitude illustrated

2,,!5
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in Fig 11. corresponding to a fai* lg level of tuffeting intensity Pt. X0.88, is cc=Pe-4bls mitt tae

theoretical result, equation (3). In addition, the associated measured valLes of root-inan-_K=ar
buffeting intensity 4- at this Mach rumber are compatible with equation (4).

Sample results frcc masured pressure fluctuations are presented in Figs 12 and 13. .g 12 illustrates
power spectra of typical upper and lower surface 'measurezents, tho former being influenced by both
excitation and damping fields and the latter predominantly by damping (se3 discussion in section 6.2).
Fig 13 illustrates the variation with CN of the intensity of pressure fluctuations at two stations on the
upper surface. It should be noted that the outboard transducer shows a higher level of fluctuation arcund
buffet onset, rises to a maximm valueand subsequently decreases again -hen the separated flow is well
established.

It is planned to make detailed investigations of the w5.-.-rocking motion of the aircraft during 1972.
The aircraft hbs been fitted with additional instru-entation to record roll-rate. yaw-rate and lateral

Sacceleration. it should thus be possible to dofine the motica in detail by means of model-catching
techniques. in addition it is intended to measure aerodynamic derivatlves within the range of lift
coefficients beyond buffet onset but prior to wing-rocking. The objective is to investigate the properties
of the Dutch Roll mode to see if any signifirant trends occur as the wing-rock;ng condition is approached.
It is already apparent from pilot conments that there is a marked, increase in Dutch Rogll da=ping as the
aircraft penetrates beyond buffet onset. This pairt of the programe is being backed-up by theoretical
stability studies incorporating estimates of aerodynamic derivatives at high lift obtained from wind-tumnel
data.
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CD drag coefficient L-E. leading edge

ACnD chnge in drag coefficient M Mach number

CL lift coefficient S sing reference area

CLBU lift coefficient for buffet onset t/c thickness-chord ratio

CLt,4, marinium usable lift coefficient T.E. trailing edge

ACL change in it coefficient WSG wing strain gage

TCLBUF change in buffet-onset lift coefficient W.T. wind tunnel

Cl rolling-moment coefficient a angle of attack

C1 r3 rolling moment due to sideslip angle of sideslip

ct yawing-moment coefficient &F trailing-edge fhp deflection

Cnhs yawing moment due to sideslip rLE leading-edge flap deflection

C dynamic directional-stability leading-edge slat deflection
nIDYN parameter,

aCn -z 1 si Ac/ 4  wing quarter-chord sweep

___ sin ALE wing leading-edge sweep

1. INTRODUCTION

The maneuver and performance capability of tircraft engaged in air-to-air combat is often
limited by flow separation which can be manifested in a variety of adverse factors such as buffeting,
increases in drag, and losses in lift and stability. 'Figure 1 illustrates the impact that these limiting
factors could have on the maneuver characteristics of a fighter aircraft. This presentation illustrates
the sensitivity of turn rate to typical aircraft boundaries at subsonic, i-ansonic, ind supersonic speeds.
The fighter configuration selected for this illustration re'nresents a moderately swept, thin-wing

Aerospace Technologists, High-Speed Aircraft Division.
fEngineer - Aerodynamics, McDonnell Aircraft Company, St. Louis, Missouri.
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2. TY-OS OF WDZG .-MA:L-LG

2.1 .all Sep_•a.za•

Beore diseiss.ing -. e dqendey edf the a2ercr•.-c b= ,ries om spe.-fic desagn v•-'-mes. let
as mir briefiw the aero#tznzc beLaior off a fiite cc figurar-4!iv in &-e en-,ircc~e~f GEf several
diffe-recl ai•nf1•v co=ndi, o-'er the wg.. Figure 2 ill•s•sames the az-.ia,,i. of Lift w-th 2-glee off attack
for a var•i•ble-sweep co--dignar'- 2 a hig•h sunic Itch = er -ith the wimps in a low-sweep posa-
bion and in a hWghly swept osft-Awn.- A vi-ariable-sweeo conlfig raLio= was selected f Or thi:s discussion
since it illasLra-es sever2l classic t-pes of, wing fLow benai-r.

T1he low-sweep resulPs (solid line) are characterized by. a rater high lift-cur.e slope and an
almost linear variatioa of lift in the low to moderate attitude ratge. I- this region of at=a2hed flow.
aircraft us=2ly exhibit relatively low drag, good stability characteristics, a in general, a high degree
of aerc-dynamic efficiencyy -Hwerer, for this class of conz-entioaal. moderately swept .ings, the iAnear
variation is inevitably foll-c-;ed by an abrmt reduction in lift which is normally zccompanied by large
increases in drag, rapid in.reases is buffet intensity, and losses in stability. Even dhough the lift is
increasing at the higher angles oi a-zack, this type of lcading-edge sepa.-aticn generally produces su-ch
a profound degradation in aerodynamics that the aircraft's maneuver capability is restricted to anzles
of attack below the stall.

2.2 E.rly Leading-Edge Separation

Unlike the low-sweep case, the highly swept configuration exhibits a relatively low lift-curve slope
at low angles of attack with gradual increase- in the lift-curve slope throughout the a range. This
supersonic sweep conditioa naturally is not optimum for subsonic performaice. but the example illus-
trates that the leading-edge separation occars early on highly swept wings and produces a highly stable
spiral vortex system with flow reattachmeat and large vortex-lift increments. This type of behavior
usually produces an early orset of buffet corresponding to the occurrence of leading-edge separation,
with a very gradual progression in the buffet intensity. There is also an ansence of other abrupt diver-
gences such as those associated with a stall separation. It is interesting to note that for the vortex-flow
case, buffet onset accompanies an increase in lift slope rather than a decrease. This phenomenon must
be kept in mind when attempting to use lift inflections to predict buffet onset. The remainder of t us
presentation will be concerned primarily with factors which affect the rang- of linear aerodynamics and
secondly with tech-iques which might be utilized to stabilize flow separation at angles of attak exceedirg
the point of initial separation.

3. SENSITIVITY OF BUFFET TO WING GEOMETRY

3.1 Planform and Airfoil Characteristics

The NASA has recently completed an extensive wind-tunnel study to assess the sensitivity of buffet
onset and other aerodynamic boundaries to wing planform and section design. Figure 3 represents a
brief summary of some of the results. The basic configuration, as shown at the top of figure 3(a), featured
an untwisted 63A wing with aspect ratio of 6, thickness ratio of 8 percent, and quarter-chord sweep of 350.

The only parameter selected for this summary is the lift coefficient for buffet onset. The studies
have indicated, however, t..a. for this particular matrix the wings displaying the highest buffet-free lift
coefficients generally exhibited superior aerodynamic efficiency characteristics. The onset points were
determined primarily by the wing bending gage method. 1 The results indicate the variations of buffet-
onset lift coefficient with systematic wing changes in the design lift coefficiept, twist, aspect ratio,
thickness-chord ratio, airfoil section, and quarter-chord sweep angle.
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4. M!ANEUVER DEVICES

-- g-1 neer Mlacs num FlaPS

ed e use of wng maunefer charices has betz shted on a swizable nhber off scaled awtisind- e
raodels off current- figtter aircraft Se-.e-al' comparisons have beesi made between wi1nd-tannel resnlts
oatanoed from conveentonall stihg-mounted cadels and floign results, with particular emphasis up-n
buffethand maneuver characteriostcse. In Eot cases. thre interisrticse and test techniwss which have
been develoned have led to good correlations betyeen zind-tunnel and fligat characteristics.

One of L e most extensive studies of this type was conducted Jos .. y the MASA Langley Research
Center and the Mctoanerl Airceraft Company in a program directed toward improving the high-subsonic
maneuverabilioty of the F-4 aircraft.2 A brief summary of some of the findings from this study is shown in
figure 4 The sketch of tne aircraft indicates that the mani uer devices c~nsisted of leading-edge slats
on the mid and outboard portions of the wing and the existing inboard trailing-edge flap system. hns
configuration represents only one of a large numbe that were studied in the wind tunnel. The selection
was made from wind-tunnel results which indicated thard particularearrngement would pro de
significant improvements in buffet onset, drag, and lift characteristics without seriously compromising
the longitudinal handling qualities at high subsonic speeds.

The results shown in figure 4 represent wind-tunnel Iand flight buffet-onset lift coefficients as a
function of Mach number- Again the primary source of buffet information was the outputs of wing bend-

adetermined in flight. Flight results were obtained over a wider range of Mach numbers; 3 however, the
Mach 0.90 results illustrate the degree of agreement between the trends determined in the wind tunnel
and in flight.

A comparison of the results for the basic configuration and the configuration with wing slats
indicates that the slats provided a very substantial improvement in the buffet-onset lift coefficients
throughout the Mach number range. Additional improvements were derived by deflecting the trailing-
edge flap system. Only buffet characteristics are shown here; however, the flight evalizations indicated
an overall improvement in the maneuver capabil~ty due to significant increases in both the lift-limited
and thrust-limited turning performance. Excess-thrust characteristics w~ere enhanced and there was
an apparent reduction in the buffet intensity at high angles of attack.

4.2 Lateral- Directional Characteristics With Maneuver Slats

The subject of lateral and directional stability has not been addressed directly in the preceding
discussions. It has been fou-d, however, that the tracking performance and overall maneuver capability
of current fighter configurations is often impaired and restricted by undesirable lateral -directional
characteristics such as "wing rock" and "ncse slice." In many cases, divergences such as these have
been shown to be associated with loss of lift on the outboard part of the wing, which results in a degrada-
tion of the efl ective-dihcedral characteristics. 4 A major portion of the F-4 studies was directed toward
a determination of the effects of wing maneuver devices on the lateral am; 0!rectional characteristics.
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basic =mode! with the 26dfitie 0f the =a=,eav.er sl't" and of Krueger de-, zzes- The sincorAerage of the
two t]-nes of 'wing devices amas aLnrost iderlicaL1 Lift and drag characteristics are sho-.u for the th-ree

diffren ociignaxic It can be seen that there is 2 defnift i ro-sememt in 1--f = the high 2-'g'ies of
attck he th Kregrs re mpoye. he bciffet-oaset iuk coeffifcient for the Krueger znfggwration

th-c p .. reicttec for the szý=Lattd _____ n--ation, utuich indicates that sigxnmcamiz nprxe-
mert*s coulld be achiev.ed by utilizing Kmraeger flaps. The incorporation of the Kruegr dei-ices also lea.ds
to laree reductions in the high-lift drag levels. Although: t:he imroeineats indicated mith the Kr.cegers
were not as pro-found as those with the slats. these simple derices were sbaown to provide very beneficial
effects on the static later-al-directional trends as well as on the lift and drag characteristics-

5. VORTEX-LIFT MANEUVTER STkL.-ii%.ES

5.1 Effect of Strake en Lift and Drag Characteristics

The precedimt, discussions 1are bt-er. concerned with various methods which have been demonstrated
to be effective in nostponing- the stall to higher angles of attack. Another promising approacn which
appears to be effective in allowing maneuvers wvell' beyor~d the normal aerodynamic joundaries of fighter
aircraft with a low weight increment is the use of a highly swept maneuver strake that blends with a
moderately swept. waiin wing pianform. The strake provides vortex lift to high angles of attack and
stabilizes the flow on tne main wing panel.

A sketch of a general research, 'iodel with a maneuver strake is shown in figure?7. Experimental
and theoretical lift and drag res.1ts _e presented to illustrate the aerodlynamic characteristics of the
model with and without the strake. The results in the upper portion of the figure indicate thevaiaations
of lift coefficient with angle of attack. The experimental lift results for the strake-off configuration
(circular symbol) indicate a pronounced reduction in the lift-curve slope at the high angles of attack.
The experimental lift results for the strake-on model (squiare symbol) show a nonlinear variation in lift
with a gradual increase in the lift-curve slope. A comparison of the experimental results indicates the
large increase in lift provided by the strake at the high angles of attack. The dashed curves indicate
theoretical estimates of the lift characteristics for the miodLI with the strake on. The short-dash curve
represents the potential-flow estimates6 and the long-dash curve illustrates the nonpotential-f low
estimates 7 based on thc assumption that a vortex system develops on the strake. The difference between
the two theoretical lift curves Uien represents an estimate of the vortex increment which would be pro-
vided by the strake. It wvill be noted lby comparing the experimental with the theoretical strake-on
results that the experimentai curve falls slightly below the nonpotentidl-flow (or vortex) estimate but
is considerably higher than the potential-flow e.~timate. This suggests that even though the full

5 nonpotential-f low values are not i t ached because of stall of the outer wing panel, a substantial vortex-
lift effect is produced by the strake±.

The drag results shown in the lower portion of the figure indicate that at the low lifts the addition
of the strake produces slightly higher drag values. At a lift coefficient of about 0.5. leading-edge thrust
is comipletely lost on the basic wing. resultii-:, in a rapid progression in the drag rise. Because of the
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st-2 e- The -"=-- sketchf -<w-. timd at the highe7r angles Of attack fix a-irflow over the basic win- panel
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litinduced on the wing. At an angle of attack of about 201). the lift induced on the wing is equivalent to
the direct lift of the strake.

With regard to the buffet characteristics at high angles of attack. there was a pronounced absence
of increase in the apparent buffet intensity of the straked configuration. The basic configuration, however.
exhibited a relatively high~ buffet-onset iit coefficient which was followed 1wy a progressive rise in the
apparent intensity characteristics.

5.3 Effect of Wing Efficiency on Strake Contribution

The design lift coefficient of the basic wing panel utilized in this phase of the straked-wing investi-

gation was zero. Studies were made with cambered wings and with wings incorporating leading-edge
flaps to determine the effectiveness of the strake in combinationi with a more efficient win~g. Some of the
results from thiese studies are presented in figure 9. The sketch at the top of the figure depicts the
model with the maneuver strake and a symmetrical wing with segmented leading-edge flaps. These
leading-edge devices were made up of a constant-chord flap and vt nen deflected they in effect twisted and
cambered tne wing. thereby increasing the high -lift efficiency of ihe basic planform. The flap deflections
which were used to obtain the results shown in this comparison aL e indicated in the model sketch. The
deflection angles were, from the outboard segment inward. 200, 160. 120. and 80. These deflections do
not necessarily represent an optimum condition: however, this arrangement provided the most promising
results of the several combinations which were studied. The data which are shown represent the incre-
ments in lift and drag due to the addition of the strake. The strake effects are shown by the solid curves
for the plain wing and by the dashed curves for the flapped wing.

It will be noted from these results that when the flaps are deflected the favorable lift increment due
to the strake is significantly reduced. This reduction in lift is directly reflected in a reduction in the
favorable drag benefits due to the strake. As might be expected, the camber and flap studies have indi-
cated that as the wing design is improved to delay separation on the main wing panel, the beneficial
ef fects of the strake are delayed to increasingly higher angles of attack. The drag results also point out
that at the lower angles of attack there are small penalties associated withi the addition of the strake. It
is believed, however, that proper cambering and twisting of the integrated strake-wing combination can
alleviate the low-lift penalties while maintaining the strake benefits of stabilized flow and improved
buffet and maneuver characteristics at higher angles of attack.
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AERODYNAMIC DESIGN AND FLIGHT TEST
OF

U. S. NAVY AIRCRAFT AT HIGH ANGLES OF ATTACK

by
W. R. Burris and J. T. Lawrence

Naval Air Systems Comnend
Department of the Navy
Washington, D.C. 20360

SUMMARY

Aerodynamics of U. S. Navy aircraft at high angles
of attack in the region beginning with buffet onset and
continuing th'.cugh maximum naneuvering boundaries, stall,
departure from controlled flight, post-stall gyrations and
the spin are given considerable emphasis during design and
flight test for each aircraft development program. This
paper discusses the application of current methods and the
philosophy employed by the Naval Air Systems Command to de-
sign and develop Navy aircraft in the high angle of attack
region, along with results obtained in specific cases.

LIST OF SYMBOLS

@I angle of attack

Ix moment of inertia about longitudinal body axis

Iz moment of inertia about normal body axis

CID dihedral effect in body axes

Cno static directional stability in body axes

Cnp dyn Cnp IxZ Cl sina

dyn dynamic
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1. INTRODUCTION

For many years engineers in the Aerodynamics and Hydrodynamics Branch,. NAVAIR (Naval Air
Systems Command) have been involved in a series of real world"laboratory experiments" in the
high angle of attack characteristic:s of U. S. Navy aircraft. Being concerned with all phases
of the aircraft's design and operation, these "experiments" have begun with establishing de-
sign requirements, conducting design evaluations: and predicting high angle of attack charac-
teristics and then followed-through model~tests, analyses and flight tests to the final ob-
servation and analysis of service experience. Included. has been experience with all aircraft
now in the Navy inventory, a" well as the initial phases of those still to come. Types of
aircraft include most models currently in U. S. Navy use, from, light piston eligine trainers,,
large and small turboprop, patrol, cargo, and counter insurgendy type aircraft, tohigh
performance jet combat aircraft. The application of the design and flight test of Navy air-
craft requires genuine teamwork betweerl NASA (National Aeronautics and Space Administration),
Navy field activities such as NATC (Naval Air Test Center), NSRDC (Naval Ship Research and
Development Center) and NADC (Naval Air Development Center), the contractor and NAVAIR engineers.
and program manegement. I I

This paper is concerned with the aerodynamic design, engineering development, and flight
testing of Naval aircraft at high angles of attack. For this paper the discussion will d~al
primarily with the flight regime beginning with buffet onset and proceeding up through ae-
parture from controlled flight. It must be kept 'in mind, however, that the flight regime
beyond departure, namely post-stall gyrations, the various qpin modes, and recovery:from any
of the high angle of attack flight conditions are also of vital importanc. Contractor and
Navy design, development, and flight testing thoroughly invest.gate this entire flight regime.
However, a considerable research and development effort is still required to advance the
current state-of-the-art in high angle of attack aerodynamics in order to permit accurate
analysis of the flight characteristics in this regime during the early design phase 3o that
future aircraft will have satisfactory high angle of .6ttack flight characteristics.

Historically, the aircraft manufacturer's design proposals have ýncluded only a minimal
amount of aerodynamic data for definition of the high angle of attack flight characteristics
other than buffet onset, maximum aerodynamic lift coefficient, and pitching moment data. Up
through the latest Navy design evaluations the design criteria considered most feasible for
achieving good maneuvering capability was to require an appropriate level' of buffet onset lift
coefficient. Based on state-of-the-art aerodynamics, the maximum useable lift could be ex-
pected to be at a reasonable level above buffet onset. The prime reason for this approach
was that buffet onset could be predicted, both for preliminary design and propgsal evaluation,
with an ever increasing degree of confidence over the years. It could also be'measured during
flight tests for specification compliance with a reasonable degree of accuracy. It is fn11ly
realized that this method of attempting to achieve satisfactory maneuvering boundaries is highly
imperfect, but lack of other more satisfactory criteria has necessitated its application.

2. THE DESIGN CHALLENGE I

Over the past years, with the resurgence of close-in air-to-air combat, a considerable
amount of interest and effort has been placed on obtaining information through both model
and flight tests in the flight regime beyond buffet onset. The primary areas of concern
are discussed in the following subparagraphs.

Buffet Onset

Buffet is defined as unstable boundary layer flow on the wing Nhere the boundary layer
intermittently separates and attaches in a somewhat random manner. This occurence is caused
basically by high angle of attack pre-stall flow breakdown at subsonic speeds, and by local
shock wave and boundary layer interaction in the transonic speed range. The degree to which
one or the other of the above flow characteristics causes buffet on a pat- Icular aircraft is
primarily a function of airfoil section, thickness, and camber, as well as wing aspect ratio,
sweep angle and taper ratio. Buffet onset is defined as oscillations in norzal acceleration
of + 0.05g at the aircraft center of gravity. This value has been found to ýorrelate 4ell
with pilot opinion, though the fuselage elastic characteristics will'obviousll effect these
results.



Analytical means are currently available for prediction of buffet onset with a reasonable
degrie of accuracy. The rmethods are presented in Fef (1] and are based on the airfoil and
wing characteristics mentioned above. Wind tunnel test techniques have also been developed
which alo!w a more accurate assessment. Wind tunnel prediction methods utilize lift co-
efficient, axial'force coefficient, wing root bending moment, wing trailing edge pressure,
wing tip acceleroeter, and oil flow phctograph data, all as a function of angle of attack.
These =ethods have been refined to the point where acceptable accuracy cai usually be achieved
in buffet onset prediction. Yore detailed discussions of experimental techniques are contained
in Refs [21 and [3].

Build-up in Buffet Intensity

At present there are no known reliable means of predicting buffet intensity build-up
analytically or in the wind tunnel. Only educated guesses can be made from wind tunnel tests
of buffet onset parameters such as tip accelerometer, wing root bending moment, and trailing
edge pressure data. A consistent, repeatable build-up in buffet intensity is, however, a
desirable parameter in giving the pilot a positive indication of impending stall/departure.
This is a difficult characteristic to achieve, and some aircraft, such as the A-7 and F-4,
have an angle of attack range between buffet onset and stall/departure which is so large as
to preclude the use of buffet build-up as reliable stall/departure warning. Methods of
delaying buffet onset and achieving a satisfactory build-up in buffet intensity, while
maintaining a high degree of maneuverability, need to be developed.

Definition of Moderate and Heavy Buffet Levels

Pilot definition of moderate and heavy buffet levels has been found to be a highly nebulous
item. *While most pilots are in relatively close agreement on the buffet level for onset,
therelis a wide range of opinion to define levels beyond onset. Experience has shown that
both th4 frequency and amplitude of the buffet can influence pilot opinion. This variability
demonstrates the teed for considerable research in this area.

Buffet intensity level has a direct effect on the maximum angle(s) of attack for the track-
ing tasks involved in utilizing the various weapons available, particularly in air combat
maneuvering. Depending on the weapon to be used, the maximum buffet level tolerable to the
pilot will vary since each weapon requires a different degree of tracking accuracy. For
example, a heat seeking missile does not require the same tracking accuracy as a gun.

Maneuvering Boundaries

For tactical aircraft various maneuvering boundaries are of interest such as the optimum
maneuvering angle of attack and the maximum usable angle of attack for offensive and defensive
maneuvering. These boundaries are primarily based on pilot opinion as determined from flight
tests and correlated with various measured parameters. The optimum maneuvering angle of attack
is usually a compromise among parameters such as sustained turning performance, instantaneous
normal acceleration capability, buffet intensity, and overall flying qualities. Offensive and
defensive boundaries are determined by the tasks required for air combat maneuvering. Differences
can occur in these angles because offensive maneuvers require the pilot to, first, maneuver his
aircraft to within the range and angular offset limits for use of the selected weapon, and,
second; to then be able to accurately track the target and fire the weapon. However, defensive
maneuvers may very well be executed at angles of attack closer to stall/departure than offensive
maneuvers due tothe urgency of the pilot's situation. For offensive maneuvers, if a particular
airplane has not yet reached a tracking buffet limit, its usable maneuvering capability will be
determined by aerodynamic characteristics close to stall/departure. An airplane's characteristics
may well be such that the buffet intensity and/or flying qualities at the angle of attack for
obtaining a tracking position are not acceptable for actual tracking, and the pilot will have to reduce
his angle of attack to utilize the selected weapon. As stated previously, this angle may vary
depending on the weapon to be used. Defensive maneuvers are normally flown close to the stall/
departure angles and; unless the particular aircraft has a high degree of stall/departure re-
8istance, the aircraft will probably be flown into the stall/departure conditions frequently
during both training and actual air combat maneuvering. It is imperative, therefore, that the
maximum usable angles of attack, and the stall/departure susceptibility and characteristics be
well defined in order to raise pilot confidence to such a level that the full maneuvering capability
of the aircraft can be effectively utilized.

Stall Angle of Attack

The three basic definitions for stall angle of attack normally referred to are:

* Angle of attack for the highest load factor, normal to the flight path, that can be
attained at a given speed or Mach number.

• Angle of attack for a given airspeed or Mach number at which intolerable, uncommanded
motions occur (i.e.- excessive wing rock, nose wander, or nose rise tendencies).

• Angle of attack for a given airspeed or Mach number at which intolerable buffeting is
encountered.

The lowest angle of attack based on the above is defined as the stall angle for a given aircraft at
that speed or Mach number. The first of the above is initially determined from wind tunnel test
data for maximum lift coefficient properly corrected for such effects as Reynolds number. However,
determining whether or not one or both of the latter two definitions will supersede the aerodynamic
maximum lift cannot be accurately predicted from mqdel testi•j[o analysis.



Departure

Departure is defined as the event in the icst-stall fllght regile which precipitates entry i=to
a post-stall gyration and/or spin. It is characterized by divergent, large amplitude, =ccanded
aircraft motions such as pitch up, nose slice, or snap roil. Stall and departure on modern figh.er
and attack airiraft c.figsurations normally occur at nearly the sma angle of attack =nd are
therefore considered jointly throvgbout this discussion.

Post-Stall Gyrations. Spin and Fecovery

Post-stall gyrations are the uncontrollable oscillatory =otions about any or all axes following
departure from controlled flight and before the airplane reaches a spin condition. Spins are basica12y
characterized py sustained rotation in yaw at angles of attack above the stall that =ay have
osciLlations about any or all axes superi-posed on im.. The incipient spin is the initial transitory
phase of the motion during which it may not be possible to identify that the airplane is spinning.
lWhen the spin progresses to the point where it is fully developed, it should be readily recognized:
no significant changes will occur from turn to turn and the trajectory will approach the vertical.
The recovery transition from out-of-control to controlled flight encompasses the period between
pilot actuation of recovery control and the reduction of the angle of attack to below stall with no
significant unc-anded notions remaining. As with most of the high angle of attack pre-stall
characteristics, the post-stall behavior of an aircraft is not amenable to analysis. Consequently,
a considerable amount of wind tunnel and flight test results are required to adequately define the
post-stall characteristics.

S 3. IESIGN PROCESS
During the design and engineering development phases a wide variety of wind tunnel facilities

are used to define the aerodynamic characteristics of the aircraft. Basic static force and moment
tests are conducted in contractor tunnels, NASA (National Aeronautics and Space Administration)
Research Center facilities, as well as privately operated facilities such as those at the Cornell
Aeronautical Laboratory. These tests normally cover angles of attack to about 25 degrees and
sideslip angles up to about 5 degrees. These data are limited to the lower angle ranges by
considerations such as balance accuracy and strength requirements, model scale, and tunnel blockage.
These are particularly limiting as Mach and Reynolds numbers are increased.

Dynamic wind tunnel test data are also collected as the design phase progresses, utilizing
essentially the same angle of attack and sideslip ranges. The model scale, Reynolds number, and
Mach number capability vary greatly among the various tunnels available. These facilities yield
a wide variety of data which must be properly analyzed and correlated to obtain a consistent set of
aerodynamic characteristics. This is a difficult task and considerable time and knowledge are required
to arrive at satisfactory results. These tests and data are oriented primarily toward an accurate
definition of aircraft characteristics in the lower angle of attack flight regime. This is where
the majority of flying will be accomplished and where performance characteristics must be accurately
determined.

In order to obtain the required data for definition of high angle of attack characteristics, a
series of tests are conducted at NASA facilities specifically utilized for this purpose. A typical
program would be pursued as follows:

* Low Mach number (0.2M), high Reynolds number (6 x 106 per foot) tests are performed at
angles of attack to 90 degrees and sideslip angles to 40 degrees.

• Static force and moment tests for similar Mach number and pitch and yaw angle ranges
are conducted, but at a much lower Reynolds number usually below 1 x 106 per foot. These results
are compared with the high Reynolds number results and the differences are taken into account in
further tests an: analyses.

* Dynamic stability derivatives are also obtained utilizing forced oscillation and
rotary balance test techniques. These data are combined with the previously obtained static force
and moment data and utilized in six degrees of freedom computer studies to predict probable flight
characteristics and recovery techniques ap to stall/departure. Predictions in the post-stall
and spin regimes are also made; however, little confidence is currently placed in these results, due
to lack of sufficient correlation with flight test.

• Free flight tests are then conducted utilizing the same model as for the static tests,however, the model is now actually being "flown" in the tunnel. This "flight" is accomplished

by attaching a cable to the model. Electrical power lines are routed through the cable to actuate
control surfaces. Compressed air lines are also routed through the cable for thrust simulation
as well as a steel cable to catch the model upon termination of the test, or if uncontrollable
motions occur. Using this technique, the model is "flown" up to the stall/departure in order to
investigate the flight characteristics using various types and combinations of control surface
inputs. Aerodynamic characteristics such as wing rock, nose wander, pitch up, lateral-directional
divergence, and stall/departure may be identified. Even though these tests are conducted at low Mach
and Reynolds numbers, the results in terms of overall characteristics as well as the approximate
angles of attack and types of stall/departure, have generally correlated reasonably well with
actual flight experience.

* Concurrent with the free flight model tests, spin tunnel test results are utilized
to define the spin and recovery characteristics for all combinations of control surface deflections
in both right and left spins. The various spin modes such as upright, inverted, flat, steep,
oscillatory and non-oscillatory are determined. The recovery techniques from each are also de-
termined. Variables investigated include the effects of external store loadings (including
asymmetric loadings), center of gravity and momeýnts of inertia, and the use of devices such as
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0 The fzee flight tests in .S•A's 30 x 60 foot ti-'e! yield the aircraft flight
charac'eristics tu. to the stal/deeparxture, %'hile the spin tuel tests define the developed spin
and recovery characteristics. The main cuestions that nw m-ust be answered are (1) how does the
aircraft depart fr= conrolled flight into post-stanl grations, (2) will it enter any or all of
the developed spin =odes identified in the spin tunnel, and (3), if it does spin, -ill it recover.

To obtain these answers the !IASA/Lengley Research Cf iter conducts free flight tests of a -radio
controlled =odel. These tests consist of dr-opping :ron a helicopter a model which is controlled
by radio signals fro= theL ground. The unporered model is dropped fron a ncminal attitude of
5,OCO feet and is allowed to stabilize in a dive with essentially neutral longitudinal control
deflection. Longitudinal control is then applied to increase the angle of attack up to the
stall!departure. This permits an investigation of the flight characteristics and departure
tendencies in free air. Lateral-directional control inputs are then radioed to the appropriate
control surfaces in order to induce or aggravate departure. Using this technique the characteristics
and recovery procedures from stall/departure through the fully developed spin can also be in-
vestigated. As opposed to the l-g stall/departures "flown" in the free flight tunnel, accelerated
stall/departures are normally investigated with the radio controlled drop model. These teo:hniques
are discussed in Ref [5].

She data obtained from the above described test program covers the full angle of attack range.
These data in conjunction with the computer analyses and simulator studies are used as a guide in
designing the full scale high angle of attack flight test program.

The entire test program is conducted with close coordination among Navy, NASA, and contractor
engineers. As problem areas are identified they are given immediate attention. Contractor
engineering and flight test personnel continually revise and update high angle of attack predictions.
Maximum use is made of these predictions to minimize the flight test program. It must be emphasized,
however, that the results of the model test program, while providing a valuable guide in the
flight regime leading to stall/departure and up through the fully developed spin, do not provide
sufficient information on the various important parameters between buffet onset and stall de-
parture. In addition, they are all obtained at very low Mach number and, with the exception
of -he static force and moment tests in the NASA/Ames Research Center 12 foot Pressure Tunnel,
are all at very low Reynolds number. If we are to achieve a satisfactory collection of aero-
dynamic data to adequately define tne high angle of attack characteristics of aircraft that can
be used with sufficient confidence in computer analysis and simulation programs during design
and engineerinG development, it is imperative that the analytical and experimental capability
to obtain sufficiently accurate data be developed on a high priority basis.

4. Flight Tests

Flight tests in the high angle of attack region begin soon after first flight of a new Navy

design. Because of the limitations of accurately predicting flight characteristics in this area
and heavy reliance on pilot opinion to define such things as maneuvering boundaries and to
establish the acceptability of stall warning, stall and post-stall characteristics, considerable
emphasis is placed on high angle of attack testing. The basic philosophy of the Navy's flight
test program is for the contractor pilots to demonstrate the flight characteristics tnder the
most critical conditions anticipated during the operational use of the airplane. This is
accomplished by making maximum use of the analysis and experimental data discussed earlier and
through flight test build-ups to the critical conditions. Determination of critical conditions
are based on gross weight, center of gravity location, power settings and external store loadings
(symmetrical and asymmetrical) for the various configurations, i.e. , cruise, landing, combat, etc.
Navy pilots evaluate these characteristics periodically to determine their acceptability and to
determine the capability of the airplane, as well as to establish procedures for fleet pilots to
safely use the full potential of the airplane. The demonstrations by contractor pilots and evalua-
tions by Navy pilots are performed separately in order to concentrate on the objectives of the
testing which experience has shown leads to the most efficient use of flight testing.

Initially the contractor's tests investigate the stall warning, approach to stall and stall
characteristics. As the progrws progresses, for nighly maneuverable aircraft such as trainers,
attack and fighters, full post-stall and ,;pin tests are performed. For aircraft not designed for
extensive high angle of attack maneuvering such as patrol, ASW and cargo designs, testing is
terminated after full post-stall wotions have developeL from IG and accelerated entries. No
attempt is made to spin these airceaft. During both the stall and spin testing of the highly
maneuverable aircraft tihe effects of various store loadings, fuel loadings, and centers of
gravity are investigated in order to determine their most critical conditions for each in-
dividual demonstration.

The contractor's entire flight program in this area should be preceeded by the appropriate
phases of the analytical and model experimental tests described previously, in order to achieve
maximum safety. All stall/spin test aircxaft are contractually required to have a back-up
emergency out-of-control recovery device installed in order to provide an alternate means of
recovery should the Laneuver become so disorienting that the pilot applies imlroper recovery• " 2,11
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The Navy high angle of attack evaluation defines most of the areas of concern previously
detailed. The definition of these various characteristics are the product of a sufficient
number of test pilots to obtain as objective a determination as possible. This evaluation
places heavy emphasis on both avoidance of and recovery fron the various flight characteristics
to be encountered between buffet onset and departure from controlled flight. This emphasis
is of greatest importance for fighter, attack, and trainer type aircraft, where the full
maneuvering envelope must be utilized by the pilot in order to achieve the maximum capability
of his airplane. This being the case, stalls and departures will occur with some frequency
and must be fulty tested, fully understood, and completely defined in the flight manual.
An extensive description of the Naval Air Test Center's stall/post-stall/spin program is
contained in Ref [6].

To illustrate the many factors involved in the high angle of attack maneuvering range
trimmed lift curves for two Navy designs, the A-7 and F-4 (Figs I and 2), are shown in Figs 3
and 4 showing a progression of events that occur from buffet onset to post-stall gyrations.
The A-7 (Fig 3) has a lift curve which exhibits a well defined maximum aerodynamic lift
coefficient. its flight characteristics show buffet onset in the vicinity of 10 to 12 degrees.
The rudder ;Tedal shaker, which is set at an angle of attack to provide artificial stall warning
in the landing Lpproach configuration, is activated at 17 degrees, which happens to coincide
with the lower portion of the 17 to 19 degrees band where heavy buffet is encountered. At
18.5 degrees the roll augmentation system is automatically turned off to preclude pro-spin
aileron inputs in the stall/departure region. Above 18.5 degrees exclusive use of the rudder
should be made for roll control. Stall occurs at 20 degrees and is characterized by very
heavy buffet and weak lateral-directional stability which results in a nose wander in yaw.
Departure from controlled flight will occur between 20 and 24 degrees depending on the rate
of change of angle of attack and on any lateral control inputs that may be inadvertently applied
by the pilot. The departure will usually occur in the form of a rapid nose slice accompanied
by snap rolls in tae direction of the slice. The A-7 departure is very disorienting to the pilot
and the recovery technique as determined by Navy tests is to release the stick to avoid inad-
vertent lateral control inputs and to wait until the post-stall gyrations have ceased. At this
point the aircraft will be in an unStalled condition and can be flown back to level flight by
proper use of controls to avoid a second stall/departure. If the post-stall recovery procedures
are not properly followed, it is likely that the airplane will enter a spin.

In contrast to the A-7, the F-4a has a local maximum lift point at 18 degrees angle of attack
(Fig 4a) and a later maximum aerodynavic lift at 26 degrees. The F-k's flight characteristics
show buffet onset occurring in the 9 to 1'. degrees angle of attack region. Above 11 degrees
lateral control should not be used. Roll control should be achieved by judicious use of the rudder
only. Lateral control is pro-spin and could induce an early dcparture from controlled flight. The
rudder pedal shaker is activated at 17 degrees to supply artificial stall warning for landing
approaches. At 18 to 19 degrees wing rock is first encountered. Heavy buffet begins at 20 degrees
along with a build-"n in wing rock. Stall occurs between 22 and 25 degrees and is characterized
by excessive buffet and wing rock, and nose rise tendencies. Departure will occur above 25 degrees
primarily in the form of a nose slice with roll in the direction of the yaw. As is the case with
the A-7, inadvertent lateral control inputs and rate of change of angle of attack may cause an
earlier and more aggravated departure. Recovery is achieved by smoothly moving the stick forward
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the radius of the wing leading edge. Fig. 6 sh(ws the i-proved Cn . obtained by using wing
leading edge slats ca the F-4. Both of these aircraft have been flig:'tested with the wing
leading edge -nodifications and have exhibited inprored lateral-directional flying qualities at
high angle of attack. --he slats cn the F-h have resulted in the achievenent of increased
maneuvering boundaries. Ref [8] contains a considerably more detailed discussion of the use
of wing leading edge devices on high angle of attack characteristics.

While the Crib paraneter is considered a good guideline for design and.evaluation, many
investigators in thedYield of high angle of attack phenoeena feel that it is by no means the
whole story and continued research is required in this area to define additional important
para--eters, as well as the interrelationships that exist among then.

Fig. 7 shows the F-4's tri•-±ed lift curve with the wing leading edge slats extended. Signifi-
cant improvements in the high angle of attack characteristics can be seen by comparing Figs. 24 and
7. Referring to these figures it can be seen that the angles of attack for buffet onset, rudder
only roll control, wving rock onset, optimum maneuvering, stall, and departure have all been sub-
stantially increased over those of the basic F-4. The lift coefficient beyond approximately 10
degrees has been significantly increased, and the dip following the first local maximum lift has
been considerably diminished. The wing rock onset for the slatet.d airplane is much more mild and
gradual in build-up than that of the basic aircraft, and heavy buffet has not been identified with
the slat. Two ramifications of these characteristics are that the slatted F-4 stall is defined
primarily by nose wander and nose rise tendencies, vice the basic F-b's nose rise tendencies, and
excessive buffet and wing rock.

Since only limited flight tests have been conducted on this configuration, the optimum maneuvering
angle of attack is not yet defined. Simulator study, however, has shown a 24 degree angle for
optinmu maneuvering as opposed to the 15 degrees on the basic airplane. Also, a limited number of
departures have indicated that they are milder for the slatted F-4 than for the basic airplane. The
characteristics of the departure also are somewhat different in that the basic F-4 exhibits more yaw
than roll, while the slatted F-4 shows more roll than the basic airplane. This is attributed to the
increased dihedral effect with slats. Comparison of Figs. 6 and 7 shows good correlation between
the minimum level of Cn and the departure angle of the slatted F-4.

n8 dyn
5. DEPARTURE/SPIN PREVENTION

An additional consideration for high angle of attack maneuvering which is gaining widespread
popularity is to prevent the airplane from entering a spin, or even to prevent a departure from
controlled flight. Since little is known on how to design these characteristics into an aircraft
in a practical fashion, the current emphasis is on use of the basic flight control and/or stability
augmentation systems. Various efforts are being made in this area and the results to date are
promising. A prime object of this work is to accomplish the prevehtion task without detracting from
the full maneuvering envelope of the aircraft. For this reason longitudinal stick pushers of all
but the most complex types have been deemphasized due to the reliability and maintainability problems
that would result from their use. The first practical demonctration uf this concept was a post-stall
gyration prevention system developed by Cornell Aeronautical Laboratory under U. S. Navy sponsorship.
The system was installed in an F7U-3 "Cutlass" and flight tests in 1959 demonstrated that it did pre-
vent the airplane from entering its characteristic post-stall gyration when stalled in combat type
maneuvers (Ref [9]).

NASA/Langley is currently involved in an analytical and experimental investigation of automatic
spin prevention through use of the basic aircraft control systems, including stability and control
augmentation systems. Some of the results of this continuing program are presented in Ref [10]. In
addition, the Navy has funded a contractor study of F-lb stall/spin avoidance/prevention which has
yielded two promising techniques, one for departure prevention, and one for spin prevention. Both
techniques will be flight tested during the development program. The spin prevention system could
also be referred to as a departure recovery system. The prime reasoning behind such efforts is that
the spin has no practical value and so long as the ground rule of not affecting the basic combat
maneuvering envelope of the aircraft is not compromised, there is no reason to have an aircraft
capable of proceeding into the flight regime beyond departure from controlled flight.

r 7
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6. --munz BIG=- Ayz oF Arna' ---

At this tine the state of the art in thde prediction and reasured t of high tagle ofuatue g
aerodyrnanic charuacteristics is severely lUnited. She test facilities currently available, while
perforzuing an invaluable service, are inadequate for the future need to provide sufficient and
accurate data in the high peyosds and tsach n.ber ranges. This includes both static and t ynaotic
aeroltnvic derivative data. In addition, high angle of attack aneuvering gudelnedris and criteria
now in existence are totally inadequate for future aircraft design. Considerable -research and
testing, both ground trd flight, are reo;dred to provide the necepsary qualitative and quantitative
information necessarf, rot only for the designer, but also for the Na~vy personnel who must evaluate
and flight test the designs. The iNaval Air Systems Conmand is currentlyv in the process of embarking
on a Drogra= to provide specific aerodynamic design guidance to aid in insuring that future high
performance airplanes will possess satisfactory high t~rglz of attack characteristics throughout the
flight envelope. Whereas m-ost past and current investigazzions have been concerned prinarily with
spins and spin recovery, this program is oriented directly to the regim-e between bu~ffet onset and
departure fro= controlled fliEght. It is in this area where the primary air combat maneuvers of
the airplane will be performed.
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It has not been possible to prepare the text of this contnibution for inclusion in.these proceedlrgs. However,
- the salient points have been embodied in Section 4.1 of the Technical Evaluation RepOrt, printed at the front of-- this volume.
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APPENDIX A

DISCUSSIONS

following the presentation of papers at the
AGARD Fluid Dynamics Panel Specialists' Meeting on

April 1972

Lisbon, Portugal

Compiled by Madame J.Genet, Secretary to the Panel

This Appendix contains the discussions which followed presentation of the papers at the Specialists'
Meeting on "Fluid dynamics of aircraft stalling" held at the Laboratorio Nacional de Enghenaria
Civil, Lisbon on 26-28 April 1972.

These discussions are transcribed from forms completed by the authors and questioners during the

meeting and are keyed (by reference number) to the papers contained in this Conference
Proceedings.

Le present Appendice est un recueil des discussions qui ont suivi la presentation des expos6s a
l'occasion de la Reunion des Experts tenue i ]a Laboratorio Nacional de Enghenaria Civil, Lisbonne
du 26 au 28 Avril 1972 et consacr~e au theme "La dynamique des fluides du d6crochage des avions".

Le texte de ces discussions a 0t6 transcrit A partir de fiches remplies a cet effet par les auteurs et
par ceux ayant d~sir6 leur poser des questions. Les discussions sont num6rot6es suivant les numdros
de r6f6rences des expos6s.
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Discussion-of Paper- 1
"Review of the Field (Based onA4GARDograph 136y'rpresented by G.J.Hancock, UK

E.L.Ericson,ýUS (Comments only): In regard to Prof. Hancock's call for more attention to lateral flow effects on

stall, thestraight wing space shuttle configuration experienced (during drop tests of transition maneuver) reattach-
ment on one wing (half) before the other, causing snap roll that.cannot be controlled. On the delta planform space
shuttle, use of the lateral controls also cause asymmetric flow breakdown with similar control problems.

J.Seddon, UK: Commenting on the accident statistics shown by Mr T.C.Muse in his prepared comment, I emphasize
the importance which is attached to the need to cover the stalling problem as exhaustively as possible in the wind
tunnel before going into flight development. In the UK we are currently building a new low speed wind tunnel, the
case for which is based largely on the need to achieve a Reynolds number of about 6 million in order to work
effectively and reliably in this area. This-leads to a question, since I-understand that NASA had some years ago a
"wind tunnel of about the same size and capability, the use of which has however been discontinued. Does this fact
indicate a belief that still higher Reynolds numbers are required for wind tunnel work at high lift and stall, or that
perhaps the concentration should be on other kinds of development work, e.g. flight testing?

A.Gessow, US (Comments only): I would like to comment in answer to Dr Seddon's question about NASA's spin
research program. NASA's effort in this area emphasizes the use of radio-controlled aircraft models dropped from
helicopters to study spin entry, spin characteristics and the effectiveness of various recovery systems. In addition,
static and dynamic stability derivatives having a bearing on the stall are measured in tunnels with special balances and
support systems. Plans are underway to install such balances in a transonic tunnel to study scale and Mach number
effects.

F.W.Riegels, Germany: Mr Hancock showed an example by K.Jacob who calculated pressure distributions consider-
ing the displacement effect of a separated region. In this case the separated region has been approximated by asource distribution on the contour of the profile within the separated region. This example from 1963 works with
an assumed separation point. About four years later K.Jacob combined this method with additional boundary layer
calculations for the changed pressure distribution between the stagnation point and a new separation point. Then he
repeated the potential flow caluulation and so on. With this rapidly converging method he then calculated the
pressure distributions for some profiles at several angles of incidence and Reynolds numbers. By integrating the
pressure distributions he could show the stalling qualities of the lift curve in dependence of the Reynolds number.
This work - which could not be continued on behalf of other duties of K.Jacob - has been publirebed as:-
Theoretische Berechnung von Druckverteilung und Kraftbeiwerten f'fir beliebige Profile bei inkompressibler Str6mung
mit Ablbsung. A.V.A. Bericht 67A62, 1967. Translated as: Theoretical calculations of pressure distribution and
force coefficients for any profile in incompressible flow with separation. ARC 31936, 1970.

Discussion of Paper 2
"Some Research on Two-Dimensional Laminar Separation Bubbles"

presented by E.Dobbinga, J.L.van Ingen and J.W.Kooi, The Netherlands

A.D.Young, UK: I would first like to congratulate Prof. van Ingen and his colleagues on this excellent method for
visualising regions of separated flow and the beautiful pictures that they have obtained.

The authors indicate that they propose to apply Prof. van Ingen's method for calculating the position of trans-
ition in the separated shear layer. We have tried to do this for comparison with our measurements on laminar
separation bubbles but the results we have obtained have not been encouraging. It is possible that we have not
applied the method properly and I shall be glad to know if Prof. van Ingen has taken his own calculations far
enough to feel confident about the likely accuracy of his method.
J.L.van Ingen, The Netherlands: I would like to start by saying that full credit for the design and construction of

the experimental equipment should go to the first author of our paper, Mr Dobbinga.

Indeed we intend to try and extend our transition prediction method for attached flow also to the case ofseparated flows.

About 3 years ago I did some rough calculations for the large cylinder. I think I showed them at the Eiuromech
Colloquiu in 1969 in Sw.Teden. The calculations had to be eern rough boevause we did not oare available the proper
stability diagrams. The results aerc promising to some extent. However, we hade not yet worked this out so far
that we can be confident about final success.
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!R is veiy important however, that one applies the right stability diagrams. From recent results obtained by
Waz-4, Smith et al., it follows Mat the stability diagram for the Hartree separztjbn profile differs considerably

from that calculated earlier by Pesrsd So, it would be important to know which stability diagrams have been
used in your investigation.

A.D.Young, UK: We used calculated stability characteristics derwed in the standard manner for profiles approxi-
mating the measured ones. As I said earlier, we got poor agreement at the measured transition positions for the
van Ingen amplification factor as compared with the value derived for attached boundary layers. However, it is
possible that our calculations of the stability characteristics were too crude.

G.F.Mcss, UK: I wonder whether we could try to link these studies with boundary-layer conditions at the point
of the stall cn a wing. In model experiments we often have to accept that transition occurs at a laminar-separation
bubble near the leading edge. On the other hand, at full-sea.- conditions, transitioa will occur at a point nearer to
the stagnation point, if indeed any laminar flow occurs at alL The experiments described in this paper all use arti-
ficially induced separations in the laminar layer, except for the cylinder where large-scale separations occur making
this also a special case. I would like to ask whether in the speaker's experience there is any difference between the
boundary layer cha.racteristics further aft of the separation point between thz cases where separation is induced
artificially and those where it occurs naturally.

J.Lvan Ingen. The Netherlands: In the experiments we dealt with natural separation on the one hand and a.-tificially
induced separation oz, the other.

Both cases can best b- compared using the results for configurations (e) and (0. Here we have separation at
the same streamuise position on the same flat plate. For configuration (e) separation was induced in a more or less
natural way by means of auxiliary airfoils. For configuration (f) a whole series of steps with different heights h
was used. It was found that the separation angle -y was independent of h , so long as h is sufficiently large
compared to the boundary layer thickness.

The separation angle -, for configurations (e) and (f) is sufficiently in agreement to state that -y does not
seem to depend on the way in which separation is induced.

Of course this agreement only concerns the first part of the separation bubble; as soon as we start talking
about transition and reattachment it is obvious that we can only consider the case of natural separation.

JJ.D.Domingos, Portugal: I think that your theoretical considerations have questionable basis apparently due to a
generalized mis-.tatement of the mathematical and physical problem:

1. The singularity at the wall referred to in § 2 seems to be due to the cxpansion nmethod of Go!dstein and others,
and not to the basic boundary layer equations themselves.

2. After separation the boundary-layer equations are no longer valid as a physical approximation; also from a
mathematical point of view, they have no solution in the usual sense.

3. Similar solutions and the "second branch" of the solution of the Falkner-Skan equation have no real physical
meaning because a similar solution is always a very peculiar one bxtue t ,nI7 -ists for special initial boundary
conditions. In particular for the case under discussion, if we started from a similar profile just behind separation,
introduced a small perturbazion and proceeded with a formal solution it would be seen that the solution will be
unstable in a mathematical sense. This means that the similar solution on the verge of separation corresponds
in fact to an unstz::le solution.

We mean unstable in a ,nattewaticml sense. Physically ihis instability can mean transition or not If not, the
flow wou.ld be well dismussed by the "Jara•iar solution" of elliptic problems which arise when full account is
taken of the two momentum equations-

4. Numeical metrods, as long as you are in laminar slow, if properly understood and used can do very well both
in accuracy and generality. M1 commenit should be taken -n the sense that your experimental results deserve
a wider scope of interpretation and geneialiation.

-LLvan Ingen. The Netherlands:

I. I do ::ot ag-ee with your remark. I think that the esse ntals of Goldstein's resultL ire confiri ed by the accur-
ate numerical calculations of Leigh, 7ernil and others.

2 Of course there is an 'ps!ream effect in the separation region so that parabolic equations cannot be used. This
howevcr is true for the attached flow as well. The "elliptic" aspects for foil calculations get in because the
boundary layer characteristics at the trailing edge determine the upstream pressure distribution. Hence for
airfoil calculations the par.olic system of boundary layer equations can only produce good results by an
iterative pro.•ts where in turn pir-uire disiri•bution and boundary la)er clculations are made. Moreover it
should be understood that our work does not intend to g&-- more than enmneering accuracy.



3. Of course I -fiow the difference bet'ween similar and non-similar solutions of the boundary-layer equations. In

approximate solutions of the boundary-layer equations we use "interpolating functions" to represent the velocity
profiles. That these functions are sometimes taken from a series of similar solutions does not imply that these
could only be applied to similar boundary layers.

4. No comment is required.

H.Schlichting, Germany: I would like to make a ve.ry short remark. For calculating the position of the point of
transition from laminar to turbulent flow from the velocity profile in the boundary layez of the bubble, the degree

of turbulence of the outer flow is a very important !parameter.

This has not yet been mentioned up-to-now. The distance of the transition point from the instability point
depends very strongly on this parameter, decreasing very considerably with increasing degree of turbulence. There

• I . is a diagram about this subject in the latest Eniglish Edition of my book.

i.Lvan Ingen, The Netherlands: Yes, I agree with you that the turbulence level in the outer flow has an important
influence on the distance between the points of instability and transition. P. should be understood that in our
paper we assumed a -very low degree of turbulence in the outer flow as is the case in flight and in a good low speed
wind tunnel. I think that we could take into account the influence of turbulence level on the amplification factor
at transition using the figure in your book which you mentioned.

Ref. Book: "Boundary Layer Theory" (1968), H.H.Schlichting.

J.Seddon, UK: Mention was made by Prof. van Ingen (only in passing) that t.e pressure at reattachment might be
expected to be close to the value corresponding to full recovery without separation. If the boundary layer at
reattachment is turbulent, I think such a statement is untenable. By definition, the reattachment profile will have
zero slope at the surface, denoting zero skin friction, and it follows that substantial p-.essure recovery will take
place downstream of this point before a normal turbulent profile is restored. Perhaps Prof. van Ingen would like
to comment on this but my question is a general one to the meeting, namely to ask whether workers in any area are
-'udying, or intending to study such reattachment aspects of separated flow, particularly at subsonic speeds.

J.Lvan Ingen, The Netherlands: I think I said "that people like to think" that the pressure comes back to the
curve for unseparated flow. I think that for not too extensikz bWbles this might be a reasonable engineering
approximation. However, I agree that much more research should be done in this field.

We do not intend to do this type of research in the near future. We will concentrate first on separation and
transition prediction.

H.Schlichting, Germany (Comments only): Dr Seddon has raised the question of the pressure distribution on a
profile in the vicinity of a separation bubble. I agree that this pressure distribution cannot be calculated by
theoretical methods only. This problem is very important in the Reynolds number range (based on profile chord)
Re = 10s to 106. this Reynolds number range is practically very important for cascade blades of turbomachines.
In Braunschweig in recent years we have carried out a research programme which deals with the aerodynamic
coefficients of cascades (especially loss coefficients) where separation bubbles and their dependence on Reynolds
nuomber, Mach number and turbulence level are involved. The experimental part of this programme was carried
out in the Variable Density High Speed Cascade Wind Tunnel, in which tMe Reynolds number and the Mach number
can be varied i-dependently.

This field has been discussed at some length at the Joint Meeting of the Fluid Dynamics Panel and the Propul-
sion and Energetics Panel on "Boundary Layers in Turbomachines" which was held last week at ONERA, Paris.

K.Gersten, Germany: Did you take into account the displacement effect of the boundary layer in your calculation
of the pressure distribution? Especially for the determination of the separation point the higher order effects, here
mainly due to displacement, are supposed to be quite important.

J.Lvan Ingen, The Natharlands: The pressure distribution wvas only calculated for the separated region. The bound-
z.-y layer upstream of the separation point was calculated from the measured pressure distribution which of course
contains the displacement effect.

The calculation of the separazed flow was based on

1. the value of (R0)_.p

2. the empirical correlation between y and (RO)Sep

3 the physical observation that the separation streamline appears to be straight over a considerable distance.

All these three factors c-nain the displacement effect implicitly, I think.

I agree with you that for a calculation which starts from, for example air foil coordinates, the displacement
effect should be mduded.
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Written comments received from Prof. J.J.D.Domingos, Portugal, relating to Papers No. 2 (and 5).

1. In a session devoted to Basic Fluid Dynamics I think it is a disturbing fact that loosely defined concepts have
been used and abused, and what should be a scientific discussion risks becoming an untractable probler, in
semantics! So to lay down a common basis, let us try to clarify ideas thinking first of purely laminar flow in
two dimensions.

If we accept the Navier-Stokes equations, the flow is described by two momentum equations and a conserva-
tion of mass equation. These equations, if time dependent form a parabolic set in time (time appears only in
a first order derivative). If steady state (time independent) the set of equations is. elliptic. Elliptic equations
need for their solution the specification of velocities over all the boundaries (upstream, downstream, wall,
inviscid stream . ). Prandtl simplified these elliptic set to the boundary layer form neglecting second order
derivatives in Ine main streamwise direction. Physical justification implied small cro,.sflow. The mathematical
consequence is that the equations become parabolic in the x-coordinate and as such, dowristream boundary
conditions are not needed.

When we approach separation the physical justification breaks down ... and, it seems, the first confusing point
appeared because people started thinking that, if the crossflow is taken into accourt and the pressure gradient
"adjusted", all the predictive value of boundary layer theory could be recovered. What has been forgotten is.
the fact that when separation appears, U becomes negative and with or without crossflow of any magnitude,
the boundary layer equations from a strictly mathematical point of view become a completely different problem.
This change in the mathematical behaviour _is similar to a heat conduction problem in which, at a certain time,
the thermal conductivity becomes negative. The conclusion is that no parab6lic set can 'describe a velocity
field with U < 0. So all methods including integal methods (which are approximate.. .) which start from
tP' parabolic set (which are the boundary layer equations) are basically Iwrong, and would never be able to
predict with generality. And if some authors claim success with some form of integral method, the reason is
to be found elsewhere (the empirical input impliditly through the profile, or explicitly in adjustable constraints
which compensate for partic dar cases and in a devious way compensate for the basic errors involved in the
starting equations).

2. If we take tV's mathcmatical background I think that we should take as a definition of separation that region
where U < 0 , in which both physicaliy and mathematically, the boundary-layer equations break down (we
can also call these regions bubbles, recirculation regions, etc.).

How can we Predict these effects?

(a) Inside the bubble or separated region there is no way out - the elliptic problem must be solved and
boundary conditions shall be given all around its boundary;

(b) Outside, the boundary layer equations can be used but a boundary condition shall be given all around the
bubble (this creates a matching problem ....

Practically, because the boundary layer equations are no more than a simplification of the elliptic problem, we
can solve the whole flow as an elliptic set. This can be done (and has been done) by purely numerical methods.
If computer capacity or time is a problem (a) and (b) are combined and the matching found by iteration. A
more simplified approach can also be suggested in whji~ the elliptic .ket is tackled by an approximate method
of the weighted residuals variety (of which the von Kirrimin-Polhausen method is a particular case) which will
constitute the natural way of implementing the integral methods uscd by the authors on a firm foundation.

3. If our proposal is clear, we can to the second troablesome point which comes from the fact that separation
is usually associated with transition from laminar to turbulent flow lh1:h seems to induce the tendency to
confube one problem with the other.

In fact, if we use time mean averages for the description of turbulent flow. what we already said regarding the
definition of separation (i.e. U < 0) applies equally well for laminar -nd turbulent boundary layer theory.

So. let us separate the concepts of separation and transition. If we agree in doing so we will ceas• blaming
tIt :bulence models (mixing length. etc.) within the boundary layer scope as responsible for failure of prediction
methods in bubbles.

SA reason to blame only comes when we have a methou (and indeed we already have) to solve accurately the
elliptic problem. W- have' taken a long time and have still not a,oidcd being sketchy. We hope honev-er thai
all of us recognize ft.at clearing the connection between the phy.ics and the mathematics of the problem can
only help towards a further understanding.

II.
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Discussion of Paper 3
"Recherches Theoriques et Experimentales sur les Dcollemenis

Li~s a une Deformation Locale de Surface"

present6 par S.Burnel, G.B.Diep, P.Gougat et B.Prunet-Foch, France

K.Gersten, Germany: Have you taken into account any displacement effect of the boundary layer on the outer
flow velocity distribution?'

S.Bumel,. France: Le travail que nous avons pr6sente ici avait pour but de mettre en 6vidence la presence de micro-
*' decollements dans les creux de sinusoides presentant un rapport amplitude sur longueur d'onde tres faible. Les

resultats obtenus par le calcul etant d~jA en bon accord avec ce que nous a montre l'experience, nous n'avons pas
juge utile d'ajouter une correction due i l'epaisseur de couche limite.

Discussion of Paper 5
"Prevision du Decrochage d'un Profile d'Aile

en Ecoulement Subcritique"
presente par M.Vincent de Paul, France

M.Lazareff, France: L'auteur nous a montr6 de bonnes confrontations concernant le Czmax. , entre les 616ments
th6oriques propos6s et l'experience. II est suggere que le coefficient de moment de tangage sont aussi soumis i des
confrontations; en effet ce dewier parametre est certainement beaucoup plus sensible que le Cz , tant en present-
ant un interet majeur pour l'ing6nieur.

M.Vincent de Paul, France: Le coefficient du moment de tangage Cm est plus d6licat i calculer. 11 faut en effet
pouvoir prevoir avec suffisamment de precision l'ecoulement dans la region du bord de fuite. Nous etudions actuel-
lement ce prob.lme.

A.D.Yeung, UK: What were the assumptions made regarding the reattachment of the turbulent shear layer at the~rear of the bubble which enabled you to determine the reattachment point?

,iVincent de Paul, France: I1 y a deux hypothges principaiks en ce qui conceme le point de recollement R

' 1. Le profil de vitesse est suppos6 connu (cf Annexe 115 lb);

2. La vitesse en ce point R est suppos6e dtre sur ]a courbe des vitesses en fluide parfait.

Discussion of Paper 6
"Parametric Studies of Separating Turbulent Boundary

Layer Flows"
presented by A.Wortman and W.J.Franks, US

K.Gersten, Germany: You changed your turbulence model in the neighbourhood of the sepa'ation point. Therefore
you have another free parameter in your calculation, namely the position of the change of the model. How did you
determine this position and what is the effect of this position on the location of the sep;':ation point?

A.Wortman, US: We used several turbulence models to convince uurselves, thai we do not have a generally satis-
factory eddy viscosity relation. In our study we showed that the Lees-Alber model developed spectfically for
computing separation does not give crrect trends with Mach number cooling etc.. but used it only because of lack
of anything better. It is not possible to get a smooth match wvhen crossing over from one eddy viscosity model to
anw ",er, ind the location of separation is a rather strong function of the location of the cross-over point on the
wing. Realizing that the boundary layer approach to prediction of separation is at best a rather crude engineering
approximatiorn we wanted to show that we do~ijt even have a satisf.:ctory eddy viscosity model anJ thus all the
cjrrent calculations represent neither an engineering nor a theoretical contributior of any significant value. With
our presentation we hope to stimulate the development of more satisfaatory eddy viscosity models.

or4`1- I 5
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Discussion of Paper 8
"Comments on the Methods Developed at the NLR for Conducting

Two-Dimensional Research on High-Lift Devices"
presented by 0. de Vries, The Netherlands

D.N.Foster, UK: I would like to explain why RAE adopted the wall boundary layer control (BLC) by suction
technique. Gm first real atte:npt to produce two-dimensional flow was for a wing with BLC over a flap by blow-
ing. We had instal!ed : wall BLC system using blowing, but found that the wall BLC interfered with the wing
BLC to cause detachment of the flow over the flap. We have therefore adopted a suction system, which we feel
gives a smooth control of the wall separations.

I would also like to ask about the two-dimensionality of the flow downstream of the trailing edge. Some two
years ago NLR published results for the drag of the wing sections, as obtained by the wake survey method, and
showed large variations across the span for a wing without wall BLC. Can you say if these results are repeated when
wall BLC is used?

0. de Vries, The Netherlands: The variations of the wake drag across the span of a two-dimensional wing at high-
lift, originates probably from irregularities in the boundary layer of the wing, or from three-dimensional effects
introduced in the wake by the flap and slat brackets, which are necessary at several spanwise stations of the model
and !eads to clustering of the wake at definite spanwise stations by secondary flow.

There is no indication that thewe three-dimensional wake effects originate from the wing-wall junctions, because
wall BLC did not diminish this effect.

P.Carriere, France: Le param~tre X utilis6 par l'auteur nWest qu'un rep~re pour un montage experimental d~termin6.
L'auteur pourrait-il indiquer le rappor; des surfaces de fente et de la surface de l'•iie, ae mani~re A permettre de
gin~raliser l'influence de X dans d'autres situations?

0. de Vries, The Netherlands: The slot width is about 2 mm, the leading edge slot is about 0.2 in long and the slot
at the shroud extends about 0.2 m above the upper surface and about 0.1 m below the lower surface. The wing
surface (flaps retracted) is 0.6 x 2.1 = 1.26 in2 . The lengths of the blowing slots are not critical. It was not our
purpose to develop an optimal wall blowing system. We were satisfied with a rather crude system, which could be
applied to different configurations, without extensive supplementary tests.

V. de Brederode, Portugal: According to our findings on the behavioar cf the flow down a two-dimensional back-
ward-facing step, a quite undetectible convergence or divergence of the flow on the centre part of the separation

bubble was associated with appreciably large changes in entrainment rate near the corners in such a way that,
althoug,. we could assume the flow on the centre region was very nearly two-dimensional from a geometrical point
of view, the measured values of base pressure coefficient and reattachment distance did not correspond to the
aerodynamically two-dimensional case, i.e. to the infinitely long case, the small convergence or divergcnce of the
flow altering the supply of fluid to the recirculating region and thus greatly affecting its size. So I wonder what
would be, in your opinion, the degree of reliability if the two-dimensional data - such as CL mn - obtained when
using your tunnel wall boundary layer control set-up in the more demanding situation of an aerofoil exhibiting, for
example, a long bubble burst type of stall.

0. de Vries, The Netherlands: I agree that wall blowing might affect the flow inside a separation bubble, especially
when considering a long bubble. However. quite a number of the wing sections, which w(v have tested with tl'e wall
blowing set-up, showed a leading edge seall. Flow visualisation tests did not show any cross-flow before the stall, so
we believe, the influence cannot be large. We have, however, no experience with a long bubble on the wing upper
surface. In addition, it must be pointed out. that beyond the stall, the flow is no longer two-dimensional with wall-
blowing.

A.D.Young. UK: Are you proposing to include viscous effects in your calculation methods in due course?

I note that in your diagrams the theoretical pressure distributions do not show pressure coefficients of unity at
the trailing edge as expected for inviscid flow, but instead shou coefficients more nearly those of experiment. Can
you explain this?

0. de Vries. The Netherlands: We will certainly include ,iscous effects in our calculations in due course In effect.
some of us are %4orking in this field already (displacement effects, turbulent boundar) latersl. The co; iplete calcula-
tion of the BL flow around a multiple aerofoil has to mc,ude a lot of empirical data. The big difficult% is, ;o ealu-
ate Ihe range of appliai-i!ity of the empirical relations and it uill take much trmc to gather the cxperienc,:

There are hiely dicussions at our laboratory on the quetion of the most efficient ssa% to protced. in %ie'A of
the himiled capacit% asailablc at our laboraton.

Yo,.r second question can bc an•e•ied b% pornting ott. that v ith a panel mt thod. tI'e pressure vi, at. uijted dit
,he mid-points ot the panel,

0c,
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To approximate the pressure~ at the trailing edge sufficiently accurately, one has to use a very fine panel
distribution nt the trailing edge.

Because we know a priori, that the pressure coefficient at the trailing edge is unity, we did not calculate this
pressurc and omitted it in the figures.

Discussion of Paper 9
"Corrections de Blocage dans les Essais en Souffleries -

Effets (lus aux D~collements"
pr~seWt par 3.C.Vayssaire, France

iMannee, The Netherlands: The separation drag is related in the paper to the difference between the theoretical
drag (from the theoretical polar) and the measured drag. H-owever, when separation starts on part of the wing, does
not the change in lift distribution on the wing change the induced drag, thus making this way of estimating the
separation drag inaccurate (especially at very high values of the lift coefficient)?

i.C.Vayssaire, France: Votre intervention est tr~s int~ressante car elle me permet de dsveOcpper pour le cas des
Cz dlev~s (c'est-i-dire sup~rieuis A 3) l'ne des applicatie:,s pratiques du principe 6nonc:6 dans le paragraphe 4.3 et
r~sum6 par la figure 11. 11 est toujours possible de faire p,3ser une parabole th~orique parmi les points exp~rimen-
taux d'une polaire limit~s par un CZu sup~rieur et un Czu inf~rieur sans pour cela connaitre les valeurs des Cxni
et CZm .On peut dgalement '.6termirner cette parabole en l'absence de la connaissance du Czu infdrieur, lorsque
le montage experimental ou la balance ne le permet pas. Ce fut le cas pour les demi-maquettes dans la soufflerie
basse vitesse N' I de l'lnstitut Adrotechnique de Saint-Cyr.

Ce fut aussi le cas pour Ia soufflerie Z4 de ce mdme Institut.

L'estimation du CXd par ce proc~dd et les r~sultats ainsi obtenus, compartis A d'autrcs rtisultats, sont trtis
satisfaisants.

En rtisumti, on confond !a parabole avec la partie suptirieure de la polaire tiventuellernent dtijA influenctie par de
Mtg ýrs dtieollements, Ces dticollements ne modifient que la valeur de l'allongement tiquivalent mais W'ont rien de
commun avec les dtieollements du type d'eau niorte qui aplatissent trtis rapidernent la polaire exptirimentale.

Ce procidti est en exptirimentation comparte dans plusieurs souffleries en vue de la gtintralisation de son
utilisation pou. les trtis hauts Cz.

On doit prticser qu'il s'agit de hauts Cz obtenus par "vote atirodynamique pure" et non par soufflage ou tout
autre apport d'tinergie exttirieure.

Discussion of Paper 10
Aerodynamics of High-Lift Airfoil Systems

presented by A.M.Q.Smith. US

!.Seddon. UK: The description of thle multiple effects of gaps. is 'aiglily ia1tcresting and info'rmative bu. it leaves a
residual question. !n the process of extending a slat or flap, both the chord length arnd camber shape of the overall
system are thereby altered significantly . is it possible to sal to what extent the improv'ed lift characteristics are due
to these changes and tea what e~xtent thle ai gaps themselves are responsible?

A-MIO.Smith. US: An airfoil is normaily designed for cruise, so *,hat maximuin aift is low. To get higl lift th'
shape must oic changed. Ilo% should it be changed'? That is the question underlying my paper. In tile full papr.:' I
show that slots are advanajgeous. The limiting lift coefficient is not known iwith fully attached flow) for a 2. 3 cr
4 element air foil bui C,,,, = 4 is often reached, based on the extended chord land at ledst 3.5 with fully attached
flow- it is near 5 base" on the origir~al chord. The best possiblc 3,etion lift with fully atta,'aed flow on a single
element airfoil is about 31.06 at R, = million With d reasonable thickness as in Figure 17 it i. only 2.3 1 Wind
tunncl tests found the maximiar, lift to be abuali 0 .1 higher than this% d~.sign lift This s6alue is still far below what a
slotted airii.il ,an do. ana it i- some Isind of upper limi! llen~c I thw], we hase shown that slots are adsantagcn)us.
csen th(ugii, ae have no %imilir incoretiLal limits W~e are just bsginning an OINR Lontra,.t on the two-clernent
prol'1e- and u-th :a kw% m,-) he able to -%tablinh an upper limit for a two-eclment airfoil along the same lirnes as.
D~r I ictheck has don~e for a '.ingle rlement airfoil

Z 77



W.D.Horsfield, UK: In the correlation of calculated and experimental separations did the calculated separations use

experimenta1 upstrem boundary layer data such as measured transition point?

A.M.O.Smith, US: The correlation curve represents a variety of data. In some cases transition was known experi-
mentally. Then that knowledge was used. In most cases it was not and then Michel's method of predicting
transition was used. Separation is less sensitive to errors in predicting transition points than in the prediction of
drag. Otherwise the boundary layer calculations were a conventional calculation of laminar flow, then turbulent
flow subject to the impressed pressure distrib.cion, at the proper Reynolds number right to the separation point.
All the data shown is at M = 0 , in Figure 5.

D.M.McRae, UK: Can Mr Smith comment on how pessimistic the Stratford optimum rise data is? Perhaps I may
ouote the Stratford linear rise data for comparison? Consider an aerofoil 12% thick with a 60% roof top and a
trailing edge Cp of about +0.25. Stratford's linear rise data state that such an aeofod would be in separation
troubles at all Reynolds numbers less than !.C.0 x 106 whereas in fact such aerofoiis are c~rt-ily satisfactory at
6 x 106 and possibly at 1.0 x 106. Thus there is a margin of at least 30 fold in Reynolds number in the linear
case. What indications of margin are there for the optimum rise case?

A.M.O.Smith, US: I am surprised that you find separation. The airfoil in Figures 21 and 22 of my paper does not
quite show separation according to our own partial differential equation method, and I would not expect the
Stratford method to differ greatly. Notice its pressure at the trailing edge is Cp = +0.25 just like you mentioned,
but the rooftop is far different. Our experience is that the Stratford limiting pressure rise is conservative. For the
airfoil similar to that in Figure 17, we designed it for a laminar rooftop and a Reynolds number of 2 million. In
tests it worked well at I million. Bul when we tripped the boundary layer at I million it did not work. This is
some kind of a measure of conservatism. More is showi by Figures 1, 2, 3, 4 and Reference 3.

A.D.Young, UK: In connection with the point raised by Dr Seddon I would like to refer to some pre-historic
analysis of mine made many years ago on variouc torms of flaps and slats. From that analysis it was clear that one
could simplify the process of predicting the aerodynamic characteristics of such devices by using the concept of
effective chord which allowed for the associated changes of chord and area when the devices were extended. How-
ever, having said that there remained clear advantage arising from the slots and the effectively gentle camber changes,
if these were well designed, and these advantages could be quantified on the basis of empirical data as well as theory.

Mr Smith has demonstrated that from the point of view of efficiency of pressure recovery, aerofoils with a
concave form of pressure distribution over the rear were better than aerofoils with a convex form of pressure distri-

bution. However, many years ago Squire and I produced a paper which showed on the basis of a plausible argument
backed by experimental data that, with the former type of pressure distribution we can expect a much more rapid
forward movement of separation with increase of incidence than with the latter, and hence the former aerofoils
show much more vicious sta;l than do the latter. Indeed, I suspect that a major cause of the serious incidence of
stalling accidents shown in the statistics of general aviation small un.iwept aircraft, referred to by Mr Muse yesterday,
is the continued use of wing sections for huch aircraft which show pressure distributions near the stall that are con-
cave over the rear and are in consequerce bad from the stalling point of view. I shall be glad to have Mr Smith's
comments on this point,

A.M.O.Smith, US: In my analysis I have implicitly accounted for the effect of chord extensions. A lift coefficient
should always be based on the chord of the configuration that is producing the lift. I think Prof. Young is correct
for a concave pressure distribution, rear separation does indeed in 5v'w frwara more rapidly. A sti aight line pressure
distribution (my m = I case) may be a good compro:-ise. On most aircraft other than clean singlt engine private
types, the stall characteristics are a function of many more things than just the tirfoil CL v. Of curve. N~acelles,
sweep, twist, slats, stores, a taper and wing-fuselage geometry are a few examples. In some cases as on simple clean
single engine private type airplanes I would think the airfoil propertie.; do become more important. But I was
involved in a design of an airplane having a clean unswept wing and an airfoil whose lift stall was very sharp. The
wind tunnel model showed a drastic drop in CL at the stall. We were worried, but in flight t;iere was no vicious
wing dropping tendcncy at all. We still have a lot to learn.

Discussion of Paper 1
"The Low Speed Stalling of Wings with High Lift Devices"

presented by D.N.Fostcr. U.(

J.Seddon. UK- Mr Foster showed a stall development in the presence of slot supports From the evidence given I
would think there wja some doubt as to v hether the supports had any ultimate adverse effect on the stalling level
and general characteriotic, or whether the support. merely acted as initial locahsers of the dcvelopme-nt of separated
flo'% Is this situation dcar"
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D.N.Foster, UK: The situation is that from these tests it cannot be stated categorically that the supports had an
adverse effect on the stall, tut it is certain that they acted as a trigger for the initial separations. Nevertheless it
is possible that had the supports been at different spanwise locations, the occurrence of the initial separations might
have been delayed to a higher lift coefficient, and this in turn might lead to a higher maximum lift.

C.A.Anderson, US: Have you been able to separate the effects of Mach number and flexibility on the CLmaX in
the wind tunnel and flight test? Do you intend to test both a rigid and flex wing in your new 5 metre tunnel to
attempt to separate flexibility effects from Mach numbers?

D.N.Foster, UK: The test made to date in the wind tunnel for the effects of Reynolds number and Mach number
have been on a single model representing the 1 g shape of the wing, and no attempt has been made to determine if
it has distorted during these tests. It would obviously be sensible to consider how far the 5 metre tunnel could be
used to determine the effect of wing flexibility.

T.Schuringa, The Netherlands: The agreemem between flight and wind tunnel with regard to flow separation
depends largely on the Reynolds number of the wind tunnel test. A picture is shown of the flow separation at
Re = 1 x 106 in the wind tunnel and 15 x 106 in flight which differs agreeably. At which Reynolds number
in the wind tunnel is agreement obained?

D.N.Foster, UK: Tests on another model of this aircraft in a pressurised wind tunnel suggested that the relationship
between pitching moment and lift coefficient measured in flight could be reproduced at a Reynolds number of
4.3 x 106 .

A.Wortman, US: In the calculation of the wake-boundary layer interaction a higher order boundary layer theory
must be employed. Since turbulent boundary layers are not mathematically well defined, how can such a calculation
be performed?

D.N.Foster, UV" The calculation method was in fact z simple integral method developed by Irwin (Reference 10 of
paper). It is in some ways similar to a method published by Gartshore and Newman for wall jets in streaming flow.

"The velocity profile for the boundary layer is assumed to be a power law and the inner and outer wakes have
Gaussia, ' docity profile fhe momentum equation is then integrated over various parts of the viscous layer and
initially assumptions were made about the variation of shear stress through the layer. More recently experimental
measurements have been made of the variation of shear stress through the layer.

C.J.Lievens, France: L'auteur a &rit que l'ophrmum pour une configuration nile plus volet est obtenu avec une
interaction faible et une absence de melange entre le sillage de l'aile et la couclhe limite du volet. Au contraire pour
une configoration bec plus aile plus volet, l'optimum correspondrait iA un mnlange complet e~itre le sillage de l'aile
et la couche limite eu volet.

Quelle est l'originc de cette diff&ence? Cette assertion a-t-elle une valeur gdndrale?

L'auteur a-t-il effectui! une analyse fine de la structure de Ia couche limite de l'aile dans la zone o6i ca~te
couche limite serait "contamin6e" (rendue "plus turbukente") pat le sillage du bec?

D.N.Foster, UK: Although the slot and flap are both used to enable the main wing to carry more lift, the means
by which they do this is different. The slat reduces the magnittide of the suction peak on the leading edge of the
wing. and the adverse pressure gradients in this region. It will continue to do this as the slat is brought closer to the
wing, out at the same time the wake front the slat interferes with the ioundary layer on the wing, and the optimum
slat position occurs when the benefits of reducing the loading on the wing, and so making things easier for the
boundary layer on the wing. if offset bý the interference from the slat wake on the wing boundary layer. The flap
enables the wing to carry more load Ly increasing the velocity at the wing trailing edge, and so reducing the adverse
pressure gradients over the rear of the %%mg. Its optimum position is determined by the fact that the boundary
layer on the lower surface of the wing and that on the upper surface of the flap, should not meet, and when this
happens there is found to he weak interference bet,,ecn the totai wake from the wing and the boundary layer on
the flap.

We have made dcailed mcasureint nts of the velocity distribution thriough the boundary layer on the wing and
the wake from the slat. when the% are in the merged condition. We haxe also measured the veloci y distribution
and the shear stress distr;tiuton lot the flow above a flap. for a configuration for vihlch the flap was very clos- to
the wing so that the wake and the bonndarv layer were again merged.

27,9
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Discussion of Paper 12
"A Simplified Mathematical Model for the Analysis of

Multielement Airfoils Near Stall"
presented by I.C.Bhateley and R.G.Bradley, US

J.Mannee, The Netherlands: It is frequently stated in reports concerning these calculations that one can save ',he

expenditure of expensive wind tunnel testing by these calculations. However you exchange the wind tunnel costs
for ever more expensive computer costs. At NLR it is estimated that the cost of a polar run in the wind tunnel
and the calculation with only a potential flow method is about equal. Could the author give an indication about
the computer time involved for hig calculation on a multiple airfoil, including viscous effects, for one angle of
incidence?

I.C.Bhateley, US: A typical cruise configuration analysis requires approximately 3 minutes while a high lift system
analysis takes approximately 5 minutes of CDC 6600 central processor time.

kEpler, Germany: Am I right, that you don't introduce any flow condition along the free streamline? Increase
your source strength if you introduce separation?

J.C.Bhateley, US: No flow control is exercised downstream of the separation point. The source strength is deter-

mined by condition of continued tangential flow at a point very close to the separation point.

Fl.J.Templin, Canada: How do you decide upon the location of the "pseudo boundary points" near the trailingI; edges of finite-thickness trailing edge aerofoils, and do you have any idea of the sensitivity of the results to the
location of these points?

LC.Bhateley, US: The pre!ssure distributions in the immediate vicinity of the trailing edge and separation points are
sensitive to the location of the "pseudo boundary points". These points should be taken as close to the trailing
edge as possible and depend on the accuracy of the computer being used for the analysis. Currently we are using
10-1 of the reference chord.

K.Gersten, Germany: In real f.ow there is obviously a jump in the total head along the separating streamline. Isn't
it necessary to put also vdrtices on the separating streamline in your model, in order to simulate the total head jump
as well as the condition of constant pressure at that line?

I.C.Bhateley, US: The flow conditions internal to the wake are not correctly simulated by this simplified model at
the present time.

A.M.O.Snuth, US: In our flow calculation method we use sources to describe the shape and vortices to obtain the
circulation. When we placed a point vortex within an airfoil we found it created a bump in the pressure distnbution.
'You place a source within the airfoil to create open ended airfoils. Do you too get a bump?

About a year and a half ago we too tried simulating partially separated flow by just terminating the airfoil
contour at the calculated separation point. Sometimes the method gave good results, other times poor. We had the
same experience with Jacob's method. I believe we must represent the true physical flow process moreý accurately
if we are ever to obtain satisfactory answers.

Discussion of Paper 13
"The Effect of Leading Edge Geometry on High Speed Stalling"

presented by G.F.Moss, A.B.Haines and R.Jordan, UK

D.Zonars, US: As in the case of low speed characteristics, the Reynolds number of the test cond:tions piay a
dominant role on the variable geometry effects displayed here at transonic speeds. Of course. the existence of a
shockwave interacting with the boundary layer adds another dimension to the complexity of the test results. The
test conditions shown here are particulariy sensitive to Reynolds number variation. What confidence do you have
in the change over characteristics of the maximum lift coefficient as a function of varying airfoil nose geometry for
the range of Mach numbers d.splayed? Also. was the Reynolds number for the two-dimensional data the same for
the thmee-dimensio.nal characteristics?

G.F.Moss. UK: I think we need to be careful in discussing scale effects at high subsonic speeds Some types of
shock induced boundary layer interaction are f3irly insensitive to scale and permit useful Aork to be done at model

Reynolds numbers and used successfully at full-scale cond:tions. pro%idcd a careful transition fixing techniquc is3. . . .
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used. The important thing is to understand the nature of the flow situations and to tackle on the model the same
fluid-dynamics problem which obtains at full-scale Reynolds numbers. In our experience, values of maximum usable
lift coefficient are not v.ery scale dependent when the separation in question is primarily a function of shock-
strength, and when the compiications of interactions with other flow separations aft on the chord are not dominant.
This is because the strength of the shock is closely tied to the value of the lift being generated. Care was taken in
the work described here to use only moderate degrees of rear-loading and complete models with only moderate
amounts of sweepback. In this way we avoided the more complex scale-sensitive situations which are dominated at
model Reynolds numbers (only) by interactions between rear and shock induced sepaiations. I would thus argue
that the findings of this research given in this paper are valid for many full scale situations of current interest.

As the Mach numbers are reduced and different flow situations develop the whole picture changes, of course,
and I would not be so confident.

The Reynolds numbers of the test work described in this paper are given in some of the figures (see Figure 2
for Section 2 and Figure 25 for Section 4). The Reynolds number ot the tests described in Section 3 was in the
band 5 to 6.5 x 106 based on chord. For the reasons given above, I do not consider that the difference between
the Reynolds number of the two-dimensional tests (6.5 x 106) and the three-dimensional tests (1.4 - 2.4 x 106)
in the work described in Section 2 is an important factor in the context of the arguments presented.

U.Sacerdote, Italy: asked a question concerning the effect of various high lift devices, and in particular the
"RAEVAM", on Cm.

G.F.Moss, UK: Most of this paper is concerned with sectional characteristics of the wing profile where pitching-
moments are only of secondary importance. On the complete swept wing, however, overall pitching-moments are
of great importance and are directly affected by modification to sectional characteristics across the span. A main
purpose, of leading-edge high-lift devices at high speeds, as we have seen, is to reduce the strong three-dimensional
effects associated with shock-induced separations which reduce drastically the value of usable lift. In doing this,
pitching-moment characteristics are also greatly improved in most cases.

Discussion of Paper 16
"A Practical Look at the Stall and High Lift Operation of Externally

Blown Flap* STOL Transport Configurations"
presented by D.J.Moorhouse, US

J.K.Wimpress, US: Recent Boeing data is in conflict with that shown in Figure 5. If the leading edge is properly
protected to prevent a leading-edge stall, the EBF flow prevents a stall at the wing trailing edge and the entire wing
can be carried to 350 to 40' angle of attack before the stall occurs.

D.J.Moorbouse. US: The figure actually shows a wide range of power effects, both increasing and decreasing tadil
angle. I agree that if the leading edge is designed properly then large increases are seen. The theory actually pre-
dicts a decrease in stall angle, and some configurations indicate an initial decrease followed by increasing stall angle
with increasing power, indicating a change in stall characteristics. The particular data was presented to show that
even with a large leading-edge, bad stall angles were achieved. The point was made in the presentation that design
of the leading-edge device is critical to the total aircraft design.

K.Gersten, Germany- What are typical values of the measured turning efficiency ij ? Does 27 change drastically
with geometry and do you see any possibility for calculating ij by theory without using any empirical data?

D.J.Moorhouse, US: Typical values of turning efficiency arc 100', at zero flap d&flection to 70 or 90, at eugh flap
deflections (600) At present I oidy know of the cmpirical correlations in Reference I I of my paper. but work is
being done to calculate rt theoretically.

D J.Poster. UK: I am wondering if the difficulties you experience witll the applbcation of an aspeL. rat o LorreLtion
factor arise fiom the datum you used to e.Iduate the lift increment. As the theory is derived fiom a potential flow

li the conditions at the power-off 3tall maiy differ considerabl. from tCis model due to separation from hIghl,
deflecteo ,. -'s. Have you ascertained if any other datum coild improve 0hie correlation?

D.J Moorou.z. i'S: Ttis is possibly true. My conc,,rn v.a% to correlate th- a.ai'able [BI dalta %ith tiie defi.icncie'
therei. The data inLlude a configuration %ith plain lead,.,L edge %%hiLh may be expc,.ted toi ha-. a leading edge
_all Another configuration lcfiniltca Jii not hwc lading edg'e %Qt11 Thu% differtnt k.onfiguiat'on% are .ontai3nd
within the .calter band

*EBF S2A4 'I
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W.D.Horsfield, UK: Are stall margins for landing adequate? Normally we use 30-40% of which 25%-is used by a
10 Ft/Sec gust. Structure was to be designed against 50-70 Ft/Sec gusts. Stall accidents occur more frequently
than structural accidents. Are these facts perhaps connected?

DA.Moorhouse, US: I used 10 kt rather than the higher values because I was talking about terminal operations. I
agree that stall margins require further study. We must not use STOL airplanes with the old conventional thinking.
This study should be done before we fly STOL aircraft. My concern was not to dismiss the problem but te raise it.

Discussion of Paper 17
"Flight Development of a Military Trainer Aircraft

with Particular Reference to Stall Warning"
presented by G.P.Wilson and W.D.Horsfield, UK

D.J.Moorhouse, US: I do not think Mr Horsfield mentioned any wind tunnel tests before the earlier Marks of
Provost. Were the actual stall characteristics predicted, or w:re they different to what was predicted?

W.D.Horsfield, UK: The Provost Series was developed by flight testing without significant wind tunnel testing.

Tunnel tests on stall were carried out, and gave some similarities with flight stalling, but the differences at the
Reynolds numbers tested were considered too great to pursue extensive tunnel work on the MK 4/MK 5 differences.

i.Seddon, UK: I should like to follow up on the previous question. Would Mr Horsfield say, retrospectively, that
a modification such as that which was made to *he leading edge, had it been tested in the tunnel beforehand, would
have shown up the impiovement in pitching-moment characteristics etc. which was actually found in flight?

W.D.Horsfield, UK: I think that tests at a sufficient Reynolds number may well have given an adequate match on
the stall behaviour, but the stall warning aspects may be more dubious.

B.Laschka, Germany: You have pointed out, Mr llorsfield, that complete success of the desired stall progression
has been finally achieved by vortex generators. One may observe from yclr Figure 17 that the vortex generators
you have selected are of co-rotating type. Sometimes it has been stated that counter-rotating vortex generators
supply more energy to the boundary layer and consequently are more efficient than co-rotating ones. Do you
have some experience on this subject, and can you recommend which type to use for different separated flow
patterns? Would you like to comment on this point?

W.D.Horsfield, UK: I have no experience with counter-rotating vortex generators. In the case of the Jet Provost,
we wished to reinforce the general vortex field in one direction, and therefore used the appropriate direction of
co-rotating generators. I would imagine most corner flows would also be of this type.

G.F.Moss, UK: First, I would like to suggest that the term "buffet" be restricted to the vibration of the airframe
tinder the influence of unsteady aerodynamic excitation. The airframe responds to this excitation in the only way
it can, at one or moreý of the natural defo' mation modes. It is best to distinguish carefully between this motion
and the motion of the whole airframe, as in instability phenomena such as wing-rock etc. In my experience, in
discussions of the type w-, !re to have today, it is easy to confuse these matters. This is not connected in any
way with anything that Mr Horsfield has said.

My question for Mr Horsfield is: has scale-effect on the stall been measured in flight? It is necessary to be
careful about Mach number changes of course. We do tend to be msmcnrized by flight-tunnel comparisons in the
context of scale-effects and to forget that scale-effects can occur at flight Reynolds numbers.

l,.D.Horsfield, UK: First. I agree that buffet is an airframe vibration at -stnictural" frequencies, and that is the
context in which I have used it.

To the best of my recollection, we did not find any flight scale-effect. Thu "g" stall, at higher IAS I an the
I g stall was better marked by buffet warning because of this higher lAS amplifying the input, and was there.forc
an easier case. We dd find substantial effects on maximum lift from different ratv-s of approach (knots/see) *o th
stall, and standardised our I g stall conditions to ensure comparable data.

A.D.Young. UK: I think that I can understand why the iane helped to ,mprose the stalling propcrties of your
aircraft. but I am not clear about the function of the ,mall fence belc, the intake apd why it helped k ould you
cXplamn it% effect?

"W-D.lorsfield. 13K: I th;nk it suppresses crossflon out fr(,m the fuselage iniake .--er tae leading edge of the wing
but beyond iha: I lea~e the explanation to the thcore,.t.

472
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G.J.Hancock, UK: The author describes a series of ad hoc modifications to obtain acceptable buffet and stall
characteristics. Does the author think that there are fundamental aspects which deserve research attention to obtainbasic information which could reduce the amount of ad hoc testing?

W.D.Horsfield, UK: Although fundamental research could be done - for instance on stall "departure" in pitch -
I doubt whether this special case would justify any work other than project-oriented. The stall characteristic was

fairly easily achieved. Increase in buffet was required, not decrease, and this was more difficult.

Discussion of Paper 18
"Stall and Post-Stall Characteristics of the F. I I I Aircraft"

by J.E.Goode and presented by C.Anderson, US

J.K.Wimpress, US: Regarding the regression technique for getting derivatives from flight test. The aerodynamic
derivatives usually occur in groups in the equations. How do you break down these groups into the individual
derivatives?

C.Anderson, US: The group of derivatives that make up each total coefficient are looked at individually. That is,
all the derivatives which make up the rolling moment coefficient are adjusted until the flight test and simulator
total coefficient agree. The wind tunnel data is used as a guide to assume that the derivatives modified are not out
of the ball park.

D.Zonars, US: If you follow the wind tunnel data religiously, then why did you chose not to conform to the
change over characteristic of Cna as a function of angle of attack around 50' since the flow is fully separated on
both the wind tunnel and flight test article?

r'.Ande,'son, US: The wind tunnel data is used as a guide only and is not religiously adhered to in eithei value and

trends with angle of attack.

GF.Moss, UK: In Figure 8 in your paper a gross discrepanc! between the wind tunnel values of Cna and those
necessary to simulate the full-scale behaviour are shown. However, at the high incidences where this discrepancy
occurs (50' to 700) there will be two pronounced wakes from the two wings which could bL very much a feature
of this derivative. I see the sweep of the wings is quoted as 50' in the wind tunnel experiment an. 04.6" in the
flight case. Can Mr Anderson assure us that this difference in wing sweep was not a factor in the discrepancy?

C.Anderson, US: Yes, since the same trend iF there at wing sweeps of 26' and 35'.

E.L.Ericson, US: It has been shown that the anomalcus Cn1 behaviour at high oz is caused by the shedding of
a,;ymmietric vortices off a pointed/slender nose. In the wind tunnel test the vortices are generated by roll-up of
lamninar separation sheets, in full scale they are probably generated by turbulent separation. The "oscillatory"
b'haviour of Cna (a) in wind tunnel testing might be caused by additional vortices being added as a is increased
further. I think you or one of your colleagues has shown that by putting a pair of small strakes on the nose,
thereby forcing the shedding to be symmetric - the Cno anomalies disappear.

C.Anderson, US: Yes. this was done by Jim Bowman at NASA Langley. I prsonally believe that putting the
strakes on the nose simulate full scale Reynolds numbei.

C.J.Lievens. France: Quels essais avez-vous faits sum l'ut'lisation de parachutes:

- soit "parachutes de vrille" au sens strict, utilisables aussi lorsque ]a vrille est 6tablie.
- soil "parachutes de per.e de contrble",, utilisables setkiment lians les piemnires secondes qui suivent ]a

perle de contrblr? D'une niani6ie g6ntrale. quelle est ]a position de Geneial Dynamics sur I'cmploi de

tels parachutes? Notamment:

- un parachute - frein peut-il servir aussi (en operation' de "parachute de perte de contr6le"?

r'utilisation par le pilote :noyen d'un "parachulte de peitc de contrble" est-elle rnaliste comipie lenu du
faible ddai dont il dispose pour rdagir?

Avez-vous conn,iaiance de cas oi: un pi'ole ail timilisý des parachutes ant, vrille ou de perc de conirble
en operation?
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C.Anderson, US: Yes. 'Ne think that recovery parachute is mandatory for flight test. If you are sure that you will
never encounter a spin from which you will not recover, then a device such as a parachute the size of a drag chute
could be used to recover from out of control situations. Z

I do not know why one would think they could recover from a spin and not a post-stall gyration or out of
control situations.

Discussion of Paper 19
"Post-Stall Aerodynamics of the Harrier"

presented by C.L.Bore, UK

C.Anderson, US:

1. What sizes the wing during design? Take-off or clean maneuvrability?

2. Were all the curves shown on Figure I I based on a common reference area?

C.L.Bore, UK:

1. For the Harrier, combat maneuvrability sized the wing. The vertical take-off range was so important that the
best flap system would be one that had zero weight. For an earlier aircraft (the Hunter) only a simple flap
system was fitted, so the wing area was larger than the minimum essential for combat.

2. All the curves of Figure 11 are non-dimensional; so they could be regarded as comparing the relative "g"-
pulhng capabilities of aircraft all having the same wing loading.

EL.Ericson, US:

1. Do you use the difference between extrapolated linear lift and actual measured static lift (at high a ) as a
measure of the forcing function for buffet?

2. It is important to recognize that there is also an additional effect involved which also is proportional (more or
less) to this difference. That is the aerodynamic damping as affected by the separated flow. I believe this
might be the dominant effect as in stall flutter of helicopter blades for instance. In this case one cannot
alleviate the buffet by getting off a critical frequency. It is important, therefore, to make a distinction
between the two effects.

C.L.Bore, UK:

1. Yes, or more strictly, the "lift curve" would be the tail-off normal force curve. If there is a slight kink in the
curve before the beginning of bot'ndary layer separation, it is the higher-incidence portion that is extrapolated.

2. The frequency of buffet vibration tends to be very low, where frequency effects are small. Also the aero-
dynamic amplitude of vibration is very small, so I suspect that damping cannot make much difference. I agree
that it is most unlikely that buffet could be avoided by changing a response frequency, as the aerodynamic
forcing frequency will, I think, tie itself to whatever wing response frequency that occurs.

A.Wortman, US: In your presentation you pointed out that the Harrier wing is so much lighter than a conventional
wing with slats, flaps, Lt._ How do the weights compare when you account for the weight of nozzles, plumbing etc.
which permit the Harrier wing to dispense with the conventional devices?

C.L.Bore, UK- It is difficult to make a fair comparison with the form of aircraft that one would have designed
without vectored thrust. What is the required sortie for the conventional aircraft to do the same job? To operate
irto a given combat area, the VTOL aircraft can fly from airfields perhaps 100 feet square, near the combat zone -
whereas a CTOL airc.;ift would have to use large fields much further from the combat area. In such a comparison
the VTOL aircraft is lighter much lighter at small ranges, less su a. larger ranges, perhaps heavier at very long ranges
If I may guess some answers from uncontrolled examples of rather comparable aircraft, I think 7igure 12 ,f the
written paper suggests that rotating nozzles and so on total up to similar %,Lights to the long fixed let pipes that
might otherwise be used.

l 72&4



Discussion of Paper 20
"Aerodynamics of Wing Stall of the Fokker F.28"

presented by T.Schuringa, The Netherlands

M.Lazareff, France: La figure 3 montre que l'avion complet comporte, au voisinage du d~crochage, un accroissement
tr~s favorable du moment piqueur. Ce changement de pente de la stabilitý est-il imputable en totalit6 i une variation
de d~flexion* au droit de l'empennage (qui augmente son gradient de portance en fonction de l'incidence de l'avion);
ou bien une partie du changement de pente dans le sens favorable est-elle d6jA pr6sente d6s la configuration sans
empennage, 6tant bien entendu que cette derni~re configuration est instable.

TRANSLATION: In Figure 3 of your paper, it appears that near the stall, a strong fa.iourable nose-down pitching-
moment takes place near 150 angle of attack.

Is this stabili y slope change due only to a change in the deflection (downwash) at the tail, or partly due to a
nose-down tendency on the configuration without tail (in this case the configuration is of course longitudinally
unstable, but a special behaviour of the wing flow at this angle of attack can contribute to this nose-down tendency)?

T.Schuringa, The Netherlands: During the final stage of the F.28 wind tunnel testing, the compiete model was
generally used to investigate the overall effect of the various measures to affect the stall characteristics. The separ-
ate contribution of the tail surface and of the wing-body combination in the increment in nose-down pitching-
moment at the stall is not available for the final configuration. From earlier tests on the model without horizontal
stabilizer it is known that the main conitribution in pitch-down is due to a changed downwash* resulting from flow
separation and loss of lift on the inboard part of the wing and in addition the wing if self contributes to nose-dov npitching-moments under these conditions.

E.J.Ray, US: Did you notice any misleading characteristics as a result of the support device at ltgh angles of attack?
My experience has indicated that there could bc a strong "splhtter plate" effect.

T.Schuringa, The Netherlands: We did not test with another support in the NLR HST tunnel. However, compara-
tive tests in the LST with different support struts, showed similar results with regard to Cm versus cc at high
angles of attack.

B.Laschka, Germany:

1. Mr Schuringa has mentioned that for the evaluation of high lift characteristics two models have been used. one
complete model and one half model. I presume that all the testing for these two models has been performed
in dhe NLR pressurized wind tunnel in which Mach numbers and Reynolds numbers may be varied i'depend-
ently. Consequently an immediate comparison between the revlts of the twc models should be available.
Because of the controversial question of whether a half mood, cceptable information about the stall
characteristics, I would appreciate it if Mr Schuringa could g, ication of how the results from the two
models compared.

(a) Has the stall flow l,attern been in good agreement for both models?
(b) How did the CAm.. compare at the same Reynolds and Mach numbers?
(c) Is Mr Schuringa in a position to supplement Professor HancocK's listing of the mi.rimuni Reynolds numbers

needed for correct representation of the stall flow pattern by F.28 results?

2. In Figure 11 the g-break for the F.28 is shown based on half model wind tunnel tests and flight tests. The
difference (60) in maximum angle of attack, especially for the case without a fence, is surprisingly high though
the tunnel Reynolds number was five million. In many cases not only maximum lift but also maximum angle
of attack is of interest. Do you indicate in your Figuie that the maximum angle of attack cainot be well
estimated from half model wind tunnel tests?

T.Schuringa, The Netherlands:

1. (a) The progression of flow separation on both models waý quite identical. However, there was a iiscrepany
"in "indicated" angle of attack of :` and 3° for the same flow pattern, this difference was partly attribut.ed
to the difference in Reynolds number.

(b) At the time of the tests no forces could be measured at the half wing mounting, so unfortunately no
answer can be given on this question.

(c) On the half wing -v.ode, some tests were performed with different Reynolds numbers, i.e. 1.2. 3.05 and
4 85 x 106. Quite identical flow patterns were observed for the two hlIher Reynolds numbers. hoevcr.
at slightly smaller angles of attack for the lower Reynolds number (see also the aboe reply to your
question ](a))- At 1.2 x 106 tihe differenLe- in observed flow, patterns become raklicr large. Regarding the

*Note by T SchurDxga Another tranlattunon'" is downash.
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fair agreement in flow patterns and stallprogression observed on The aircraft wing;and on the model, it
might be concluded that for the case of the F.28 represeritative flow separation progression on the model
is obtained at a Reynolds number of about 3 x 106 , at angles of attack somewhat different.from fdll
scale. (See also the reply to your question 2.)

2. T".e discrepancy in indicated angl.e of attack as revealed by this figure, also puzzles us. HQwever, it should be
realised that at large angles'of attack the prediction of the angle of attack from test information is a relatii'ely
inaccurate process, both for wind tun.el haif models anil for the free flight case.

We therefore tend to give not too much weight ,to the ob'served differences.
With regard to maximum lift, we are of the opinion that the same flow patterns and conditions in fact repr s-
ent identical lift characteristics.

P.P.Antonatos, US: Figure 4 seems to indicate that, at ligh a in the tunnel test, the model was closý to the wall
of the tunnel. This can have a decided effdct due to. wall interference on -the high CL values.

T.Schuringa, The Netherlands: If the nose was really near the tunnel wall the. effect would be faivourable. However,
the photograph shows some distortion; furtihermore "it was taken at the maximum incidence angle of the test, this
being 380. In this condition there is still ample spacing between the mode.l extremities and the tunnel wall.

I * j!
Discussion of Paper 21

"Predicting the Low-Speed Stall Chfiracteristics of the Boeing 747'
presefnted by JK.Wimpress, US

C.Anderson, US:

1. Why do you have different nacelles on the models in Figures 1 and 2? Did you find that flow-through was
required?

2. On Figure 5 could the wing loading effect on stall speed really be a Mach number effect?

J.K.Wimpress, US:

1. Most low speed wind tunnel testing was done with flow-through nacelles. Figure 1 shows a special ihstallation
of nacelles powered by compressed air to check power effects on flaps-down performance.

2. Mach number effects may be partially responsible, but it is felt that it is more likely related to the effects of
changing inertia on the stall dynamics.

M.Roederer, Germany:

1. Is the margin between the lift-off speed and V~1u of the B.747 8% or 10%? Is there n6t a need for a tail
bumper for the aircraft in service?

2. What are the criteria for the required maximum negative lift and angle of attack for the tail t. prevent a tail
stall in strong recovery manehvers (landing configuration, forward C.G.)?

J.K.Wimpress, US: '

1. Flight tests were made on the 747 .to demonstrate its take-off cajability under abused conditions in anticipa-
tion of certifying it for lift-offat 1:08 VIU . Ho'wever, the condition of reaching 1.2 VSTALL at 35 feet, as
required for FAA certification, ended up being the design parameter defining the airplane's take-off perform-
ance. So, the 1.08 VMlj capability was not used. The airplane has no tail bumper. It does have an attitude
warning system, but proper operation of this system is not required for dispatch on a comihercial flight.

2. Prior to beginning a stall, the stabilizer is trimmed Tfor flight at 1.3 times stall speed. As the airllane is pulled
into the stall, the elevators move up to compensate for the change in local angle of attack as the.airplane moves
r. )se-up. However, the down load on the stabilizer actuall y decrepses due to the shape of the tail-off CL - Cm
curve. The re.;overy maneuver of pushing the control column forward, and.moving the elevator's trailing edge
down, further reduces the down load on lhe stabilizer. Wind tunnel testing has shown that the maximum lift
coefficient of the horizontal tail is ap.proxit.iatel : 1.0, with about 0.8 being usible before buffettiig occurs.
The 747 horizontal tail operates at values well below this level. ,

Ingelman-Sundberg, Sweden: Mr Wimpress, you shoA ad an extrapolation of wind tunnel CLma oover a factor of
10 in Reynolds number from 8 to 80 x 106 and it g-ne a very accurate result. You s.aid also that the reason was
that 747 hý'ading edge devices prevent any high pressure pe.ks at the leadirng edge which means'that all leading edge
separation will be prevented. . F" 6
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dIo you think that would mean that in a wind tunnel test it would be sufficient or acceptable if, at this low
tunnel Reynolds number, one could produce the correct type of separation even if then of course the boundary
layer further back will be relatively too thick?

J.K.'Wimpress, US: I think that most large non-linear Reynolds number effects on high lift occur when the flowJ around the leading edge changes from a laminar separation to a tuibulent attachment. The whole pattern of the
stall changes at this time and the maximum lift coefficient can be increased sharply. As Mr Ingelman-Sundberg
points out, even if the flow at the leading edge is made turbulent on the model to give'the right flow pattern, the

J boundary layer on the model will be proportionately too thick at the trailing edge. The stall, therefore, may
cormence at a slightly lower angle of attack. However, it is of the proper type, that is, beginning at the trailing
edge; and the influence of the thickened boundary layer is relatively minor producing the small effects with
"increasing Reynolds number that was shown in my paper about the 747.

B.Laschka, Germany:

I. When comparing your Figures 3 and 9 where lift versus angle of attack has been plotted with and without
ground effect one may realize a decrease in maximum lift as well as lift curve slope for the curves with
ground effect. This is in contrast to the results shown for the F.28 by Mr Schuringa in the precedcig lecture.
Would you like to explain this decrease in slope, which is not predicted usually by linear potential theory.
Is it due to the blockagi. effect of the extended flaps which reduce stagnation pressure near the ground or is
there any other reason?

2. Mr Wimpress didn't mention any special tests for determining the CLm. of the horizontal tail. Tail stall
may have occurred at the B.747 during Vs-tests when the pilot makes a strong recovery (push over) instead
of a stick-free recovery. Would you like to comment whether manoeuvers of this kind have been incorporated
in the flight test program, and whether you have reached tail stall? If yes, what were the effects on the
aircraft?

3. As far as I know B.747 horizontal and vertical tail are not equipped with any de-icing or anti-icing system.
Ice accretion may reduce the aerodynamic properties of the tail appreciably. Have there been any problems
with the loss in minimum tail lift? What manoeuvers have been performed to demonstrate sufficient stability
and control with ice accretion?

J.K.Wimpress, US:

1: The effect of ground proximity on lift curve slope shown by comparing Figures 3 and 9 in my paper do agree
with a theoretical analysis. The change in lift due to ground effect is caused by two components of the poten-
tial flow patttrn. The image of the trailing vortex causes a decrease in downwash at the lifting line which
tends to increase the lift at a fixed geometric angle of attack in propoition to CL to the first power. The
image of the bound vortex, on the other hand, decreases the local q felt by the lifting line, thereby reducing
the'lift at a constant geometric angle of attack. This effect is proportional to CL2 and, therefore, becomes
dominant at high lift coefficients. Our experience has been that ground proximity effects can be evaluated
quite accurately by potential flow theory. The characteristics indicated for the F.28 by Mr Schuringa, may
be caused by the wing being higher off the ground relative to the magnitude of the circulation created where
thle influence of the trailing image can be more important than that of the bound image.

2. The answer to this question is the same as that asked by Mr Roedere.

3. The 747, like other Boeing commercial jet transports, does not have anti-icing on the horizontal or vertical
* 'tail. To establish the effects of ice accretion, icing shapes were established from theoretical analysis and

parametric tests in icing tunnels. These shapes were then put on the wind tunnel model to establish that the
stability and control of the airplane would be satisfactory. The same shapes then were put on the flight test
airplane and evaluated under all critical c.g. and flight conditions to establish that the stability and control
was not affected adversely. In the case of the 747, the wind tunnel data showed essentially no effect due to
ice accretions and the flight test confirmed this characteristic. There are two reasons for this situation. rirst,
the horizontal tail is relatively lightly loaded, and unusually large lift coefficients are not demanded anywhere
in the flight regime. Second, the airfoil section used on the horizontal tail has quite a sharp leading edge. Thus,
the amount of ice that builds on it is small relative to the size of the surface.

D.Zonarý, US: What criteria do yOu use i, L•tablishing the position of the leading edge of the ground effect plate
since thd angle of attack characeristics of thl wing must have some influence on the flowfield ahedd of the model?

J.K.Wimpress, US: The leading edge of the ground plane is at the leading edge of the test section. A flap at the
trailing edge of the ground plane is used to match the blockage above and below the ground plane to get the in-11 coming 4tagnation streamline to come stiaight at t0L gsound plane. In addition, the leading edge of the ground
plane is rounded to prevent any separation bubble at the leading edge of the ground plane.

D.N.Foster, UK: I have a question on the outboard leading edge device. You said that there was a small gap
between the trailing edge of the device ý,nd the wing. Is this a result of the mechanism deploying the device, or is
the device working as a slat?
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J.K.Wimpress, US: The leading edge Krueger flap does act like-a slotted slat.

E.LEricson, US: In Figure 6 the trends shown would be explained by elastic effects, but the magnitude is appar-
ently not large enough. The reason I ask is that we recently found at Lockheed that a missile wing, without pods
and with higher sweep than 370 was very severely affected by the elastic bending. As much as 40% loss of tip
loading was predicted.

J.K.Wimpress, US: Although aeroelastic effects do have- the proper trend to reduce the CLrw with increasing
wing loading, calculations have shown that they are too small to account for the values indicated by flight test.

G.F.Moss, UK: Stalling tests at full-scale usually have to be made at high altitude for safety.reasons and I am sure
the Boeing 747 is no exception. This means that Mach number is significantly higher -han at the low levels where
the operational problem is most acute. Remembering the figure in Mr Foster's paper which showed that Mach
number effects can be comparable in size to scale-effects on CLma , can Mr Wimpress tell us whether the stalling
tests in the tunnel were made at Mach numbers matched to the flight values? In particular, was the Mach numberF controlled during the scale-effect tests made in the Ames 12 ft tunnel?

The data given in Figure 7 is of great interest. It would also be of interest to see what the variation of CLmax
was like with Mach number (at constant Reynolds' number), if this has been investigated.

J.K.Wimpress, US: The high Reynolds number tests at the 12-foot tunnel of the NASA Ames Laboratory were run
"at essentially constant Mach number. Below a Reynolds number of about 1.5 x 106, the tunnel was operated at
constant atmospheric total pressure with a Mach number varying between approximately 0.16 to 0.25. At higher
Reynolds numbers, the total pressure in the tunnel was increased so as to retain a constant Mach number of 0.25
into the high Reynolds number region.

The airplane stall tests were made at altitudes varying between 8,000 and 15,000 feet. A constant airspeed of
110 knots results in a Mach number of 0.22 at 15,000 feet, 0.19 at 8,000 feet, and 0.17 at sea level. These are
relatively small variations in Mach number, and no consideration was given in the certification to possible lift

improvements that might occur at the lower Mach number at sea level. This procedure is realistic since the curve
in Mr Foster's paper indicates only about 3 percent difference in lift between the highest test altitude and sea level
conditions.

Discussion of Paper 22I:, "Airflow Separation and Buffet Onset During Fighter Aircraft Maneuvering"
presented by P.J.Butkewicz, US

A.M.O.Smith, US: I was interested in your definition of buffet onset as being the first observable separation.
Prof. Fred Thomas has a theory that buffet onset does not begin with the first separation but rather when the
separation moves forward to and becomes coincident with the shock. These appear to be slightly different criteria
and phenomena. Do you have any comments?

P.J.Butkewicz, US: It was noted in all of the Flight Dynamics Laboratory sponsored flight test programs, that
there was a definite buffet felt at the wing tip which was directly correlatable with the initial airflow separation
at that location. Since the purpose of the research effort was to investigate buffet onset for various fighter aircraft,
this particulai criterion for buffet onset was selected as a logical starling point to relate initial airflow separation
and buffet onset.

F.Thomas, Germany: The theoretical method for calculating the buffet onset, which was just mentioned by
AM.O. Smith, was developed a few years ago and is published in the Jahrbuch der WGLR 1966. A more advanced
version was described at the AGARD Specialists' Meeting held in G5ttingen, Germany, in April 1971 (see AGARD
Conference Proceedings CP 83). It was shown that the onset of buffetting was predicted very satisfactorily for
quite a number of wings. Good agreement between calculation and flight or wind tunnel tests can, however, only
be expected for wings with medium or large aspect ratios (A > 4), medium wing thicknesses (10-14%) and sweep
angles from 00 up to 450. For this kind of wing, the wing section shapes play a predominant part in the separation
pattern of the wing. It is, however, not possible to calculate the buffet onset with this method for the highly swept,
small aspect ratio wings with very small thicknesses, ulhich are typical for many modern high speed fighters. The
separation pattern of these wings is predominated by three-dimensioaal effects, and it seems extremely difficult to
fled a mathematical niodel for the fluid dynamics of such wings in the region where buffetting occurs.

P.J.Butkewicz, US: I agree with you fully. As I mentioned in my introductory remarks, typical modern high speed
aircraft with low aspect ratio, short swept wings arc highly three-dimensional, %ose coupled air vehicles. Consequent-
ly, three-dimensional effects dominate the separation jphinomena, and no mathematical models are available to
predict the fluid dynamics.
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A.D.Young, UK: You showed a slide showing a polar for anextended slat which indicated a reduction of drag due
to the slat for lift coefficients greater than that~at which you would otherwise expect buffet onset. What happens
with a trailing edge flap?

P.J.Butkewicz, US: The drag polar which was shown resulted from data acquired from a separate research effort.
No drag polars were obtained for any other wing configurations.

C.LBore, UK: May I give a warning about the use of trailing edge pressure points as universal correlators with wing
buffet onset? Trailing edge pressure points indicate when boundary layer separation has reached the trailing edge.
They may correlate quite well with buffet on a group of wings all of which have been designed in a similar manner.
However, if a wing were designed differently, there need not be correlation. Flor example, on the Harrier, the flow
on the wing tip does not separate at any incidence, so a static pressure hole there would not indicate buffet onset
at all.

J.P.Butkewicz, US: Your point is well taken. The specific aircraft configuration and design conditions must be
taken into consideration in any analysis. Also, sole reliance on wing tips or trailing edge instrumentation alone is
not recommended in an overall buffet investigation. Wing root strain gauges and accelerometers, as well as acceler-

W" ometers at the aircraft center of gravity and pilot's seat are essential for an understanding of the full spectrum of
the problem.

R.M.Bowman, US: Although I came here as a scientist, I am also an ex-F.4 pilot and I would like to express my
agreement with Major Butkewicz on the acceptability of buffet to the pilot. Buffet, though it reduces aerodyna.
mic efficiency, does have some beneficial side-effects as a stall warning (as has already been brought out) and also
as an indication of angle of attack. In a combat situation, the pilot cannot watch an instrument and must judge
his optimum maneuvering angle of attack by aircraft "feel". In the F.4 this is marked by a particular level of
buffet which the pilot learns to judge quite accurately.

For this and other reasons, I don't think a definition of "onset of buffet" which cannot be felt in the cockpit
would or should gain wide•pread acceptance. Major Butkewicz's point that separation at the tips should receive
design attention even thr-gh it cannot be felt is well taken. Still, I think another word (such as onset of separa-
tion) should be found so that "biffet" can remain a phenomena on which pilots and engineers can understand and
agree with one another.

J.P.Butkewicz, US: As to your first comment, the concluding remarks section of my paper are in complete agree-
ment with you. However, speaking from the standpoint of one who must develop efficient, maneuverable combat
machines, I maintain that buffet onset has already occurred long before it is felt by the pilot, and it is in the early
stages where the engineer can best take remedial action to delay the buffet progression and reduce its intensity.

Discussion of Paper 23
"The Dynamic Analysis of Buffetting and Related Phenomena"

presented by J.G.Jones, UK

M.Lotz, Germany: I think it is not a meaningful question to ask whether the aerodynamic excitation is the same
on a zigid wing and on a flexible wing. The aerodynamic excitation is by definition the force which would act on a
rigid wing. The difference between this force and the force on the flexible wing is by definition the aerodynamic
damping and, if it has a component in phase with the displacement, the aerodynamic stiffness.

J.G.Jones, UK: The possibility must be allowed that the motion of a flexible wing may influence the statistical
properties of the aerodynamic excitation. A valid measurement of the motion-dependent aerodynamic force on a
flexible wing may be made in principle by the introduction of an external test signal, as described in Section 7.
The aerodynamic excitation may be deduced by subtraction of the motion-dependent component from the total
aerodynamic force. It is then meaningful to ask if the aerodynamic excitation of the flexible wing, measured in this
way, is the same as the aerodynamic force on a rigid wing.

E.L.Ericson, US (Comments only): A simple substitution of U-1 (az/at) = i/U for 0 in the analysis presented in
"Unsteady Airfoil Stall and Stall Flutter", NASA CR-I 11906, June 1970, by L.E.Ericson and J.P.Reding, should
produce the apparent damping trends shown in Figure 10 for shock induced separation (provided that needed static
experimental data is available).
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Discussion of Paper 24
"Maneuver and Buffet Characteristics of Fighter Aircraft"

presented by E.J.Ray and L.W.McKinney, US

A.M.O.Smith, US: The strake is a very effectiYe device. It is interesting to remark that it was discovered and applied
in a different form about 1936 to increase the vertical tail effectiveness of the DC 3. It was called a dorsal fin in
this case.

E.J.Ray, US: Yes, vortex lift strakes indicate a potential for a variety of interesting applications.

G.F.Mess, UK: With a highly swept strake which has a sharp leading edge, a vortex of considerable energy will be
shed. Has Mr Ray considered the effect on buffet-limited usable lift of possible vortex bursting?

E.J.Ray, US: The highly swept strake did have a sharp leading edge and it was evidenced in the results presented
that there was a substantial vortex lift increment as a result of the trake addition. Wj~h regard to buffet character-
istics, the study indicated that the onset of a mild buffet occurred at a cor..Iaratively low lift coefficient when the
strake was incorporated; however there was a definite reduction in the rise of the appartnt intvnsity levels.

L.C.Bore, UK: May I comment on the use of buffet onset as the criterion for judging the usefulness of devices,
such as trailing-edge flaps? In our experience, it is possible to have conditions where a device (say, a flap) increases
the CL for buffet onset, but reduces the maximum usable CL (which is the more important criterion). Would
you comment on this?

E.J.Ray, US: The comments which were presented regarding buffet characteristics were concerned with the
condition at which the onset of buffet might occur, or more specifically the initial point of separated flow. In
so far as the assessment of factors affecting maximum usable CL are concerned, the determination of restrictive
buffet intensity levels was not within the scope of the present studies.

Discussion of Paper 25
"Aerodynamic Design and Flight Test of US Navy Aircraft

at High Angles of Attack"
presented by W.R.Burris and J.T.Lawrence, US

including comments concerned with the contribution made by M. Ph.Poisson-Quinton

EL.Ericson, US: In regard to the dynamic stall data shown by M Poisson-Quinton, here is one case where static
and dynamic considerations do not warrant a compromise. The higher one drives ..tatic CLmax , through nose
droop for example, the less the dynamic overshoot of static stall will be, and, as a consequence, the negative damp-
ing generated at stall penetration will be less (with associated decreased tendency towards stall flutter).

D.J.Moorhouse, UK: Stall in gusts was given as an area which requires further study, with which I agree. Also it
was stated that helicopter people have given us an understanding of dynamic stall. Helicopter studies are concerned
with sinusoidal disturbances which are not applicable to fixed wh..g aircraft, or to gusts. Do you agree that further
work is required to define dynamic stall in an arbitrary motion?

Ph.Poisson-Quinton, France: I agree completely.

J.G.Jones, UK: I would like to comipliment Mr Lawrence on his thorough reviLw of the problems involved in air-
craft manoeuvres at high angies of attack. As we shall be returning to these general problems tomorrowv I limit
myself here to three questions of detail.

1. With reference to the 0.),' g criterion for buffet onset, should not some specification of the bandwidth of the
acceleration signal be provided to allow meaningful comparison of buffetting intensities?

2. Does Mr Lawrenc#. know of any applications of the Cn,1  criterion ,or loss of stability at high subsonic Mach
numbers, say greater than 0.7? Does he agree that other criteria, such as the w.[wu adverse-yaw criterion
may prove to be equally useful?

3. 1 was surprised to ee flying qualities rated so low in importance in the pilots' list of adverse properties of an
aircraft at high lift. Could Mr Lawrence clarify what lie includes in "flying qualities" in this context. Surely
phenomena such as nose-slice must be at the top of the list?4' :7/
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J.T.Lawrence, US:

1. US Navy experience has been that opinion obtained during flight test from a number of pilots on each aircraft
agrees very well with the ± 0.05 g at the airplane center of gravity. These measurements are normally made
during wind-up turn maneuver so that there is a near constant build up in normal acceleration, and it has been
a relatively simple task to pick out the ± 0.05 g value from flight test data.

2. Application of the Cn~dy.n parameter has been limited to the subsonic flight regime for the most part. I am
not aware ( any good correlation which has been made in the transonic region. Concerning additional para-
meters, the paper discusses the need for research to determine additional parameters for determining high
angle of atthck characteristics. Although the A.7 and F.4 examples used in cur paper displayed good cerrela-
"tion betweeli Cn dyfn and flight test, we feel that other parameters must be found to augment Cnfdyn to
obtain the total story.

3. The list referred to was for pilot determination of the so-called "optimum" maneuvering angle of attack. In
this regard the pilot is primarily interested in the maneuvering performance of his aircraft and is therefore
willing to accept degraded flying qualities in this regime. It will be noted, however, that the optimum maneu-
vering angles of attack shown occurred at angles well below heavy buffet and stall/departure. The pilot, there-
fore, does not fly anywhere near such characteristics as nose-slice when operating at his optimum maneuvering
angle of attack.

4 G.J.Hancock, UK:

1. Is an indication of incidence given to a pilot?

2. No mention of rotary balance tests, or of model dynamic tests was made in the lecture. Are such tests
performed?

3. Curves of Cn - a are given in the text in which the various points of buffet onSOL, stall, etc. are identified.
Cnp is also shown. Are similar curves for CM a , CD C , C- ca, 1 available?

J.T.Lawrence, US:

1. Yes. Navy aircraft have an angle of attack indicator for the pilot which is calibrated in "units". For each
type of aircraft the "units" correspond to different "degrees", however, and for my paper I have corrected
the "units" to "degrees" for the three examples used.

2. The paper does cover the so-called dynamic derivative tests. Yes, rotary balance as well as forced oscillation
balance techniques are used to obtair. the dynamic stability derivatives. There are in additicn to the free
"flight" tests conducted in the NASA Langley Research Center 30 x 60 ft tunnel.

3. Yes, these additional data are available although I do not have them with me here. The curves I have shown
are trimmed lift curves and I have indicated pitching moment characteristics by stating, for instance, that the
stall on bthi the basic and slatted leading edge F.4 configurations is partially defined by nose rise tendencies

& which is indicative of a reduction of Cm -- .

J.Seddon, UK: I hope I may be allowed to express the appreciation of the meeting to Mr Lawrence for a most
stimulating and highly significant presentation. As M. Poisson-Quintun remarked, this brought the met.ting to the
"moment of truth" and I imagine that all the classical aerodyiha-.icists among us are asking ourselves whether the
things we are doing are contributing effectively to the real problem.

I have two questions. Firstly, in describing the design process, Mr Lawrence, you mentioned the drawback
that all the tests were at low Mach number. How far are you really committed to that situation and not able to
make tests at the appropriate Mach numbers.

J.T.Lawrence, US: With current facdlities it is not possible to obtain Ligh Mach and Reynolds numbers simultaneous-
ly, particularly at the high angles of attack. Also, we are interested in obtaining a consistent set of data up through
the spin regime which means testing to 90' angle of attack. Current facilities limit testing to a Mach number of
about 0.2, which high Reynolds number can only be achieved at NASA Ames Research Center in the 12 ft pressure
tunnel.

J.Seddon, UK: So this is an important part of the case for a high Reynolds -"tiber transonic tunnel?

J.T.Lawrence, US: Very definitely.

J.Seddon, UK. My second qu.stion is this. In your final vugraph you emphasized the importance of research
VWould you care to express a view as to where the emphasis should be placed in research?

J.T.Lawrence, US. Most research to date has been concerned with post-stall and spins. We feel that the prime areas
for future resedrch are in the usable angle of attack raage tip to stall/departure, and in the area of stall,'spin avoid-
ance/prevention. 2L3I
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1D.Zonars, US: Didwe understaid.yqu correc'ily t haita.analytieal method~exists to predict the onset of buffet? Is
""itfor an-arbitrary three-dimensional configuration or atwo-dimensional shape, -nd for what Mach number range?
That is, ddesit include itranso-nc speed chli.adteris-tie-s.

J.T.Lawrence, US: The niethbd used.to predict buffetonset is empirical in that the buffet onset characteristics of
nmany different aircraft were combined -to a.rrive at the prediction method. The work was accomplished a few years
ago by Lindsay of the Ný ',alAir System Command, and has been published as a Naval Ships Research and Develop-
ment Center: Report. Basicaiiy, the method yields the lift coefficients for buffet onset at M = 0.6 and M = 0.7,
as well as the Mach number for zero lift buffet for aircraft which display this characteristic, or the lift coefficient
and Mach number, for minimum buffet onset i.ft coefficient.

A.D.Young, UK:

I. Could you say something about the effects of stores that you carry on the stalling characteristics of the aircraft?

2. In view of what you say would you agree that the aircraft design should be developed from the first with the
stores in mind?

J.T.Lawrence, US:

1. Stores do have an effect on the stall/departure characteiistics, more on some aircraft than on others. Even on
a given aircraft the location of the stores can make a difference. The F.4 is a good example. Stores carried en
the fuselage centerline, including a 600 gallon fuel tank, have a negligible effect on the flying qualities. Wing
mounted stores, however, and especially asymmetric store loadings can have a very significant effect on the
"high angle of attack for stall/departure, as well as affecting the character of the stall/departure.

2. Very definitely. For the types of aircraft which I have been discussing, that is highly maneuverable fighter and
attack aircraft, their primary mission is to carry and deliver stores. Therefore, store loadings must be taken
into account from the very conception of a design. This is, in fact, the case with current US Navy designs,
including both engineering development and flight test.

J.Lievens, France: L'influence des charges extbrieures dissym~triques se fait sentir par l'interm~diaire:

- d'un d6placement du centre de gravitd de I'avion,

- d'une dissym6trisation des formes externes.

Avez-vous pu juger de l'importance respective de ces deux effets?

I.7.Lawrence, US: Although we have not separated the effects of center of gravity shift and aerodynamic chara.ter-
istics -.ý the overall behaviour of an aircraft with asymmetric stores at high angles of attack, I feel that the prir,,ar.,
effect in the stall/departure and post-stall regimes comes from the changes in inertia properties of the aircraft.

t 14292
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SUMMARY OF ROUND-TABLE DISCUSSION*

Chaired by Dr J.Seddon (UK), the Round-Table Discussion took the form of summarj;es of the main fields
(Basic Fluid Dynamics, by Prof. K.Gersten, Germany; Theory and Experiment on Wings, by A.M.O.Smith, US;
and Flight Experience, by Mr. J.K.Wimpress, US), which were followed by general discussion and by reviews made
by Mons. C.J.Lievens (France), Mr W.D.Horsfield (UK) and Mr M.Ingelman-Sundberg (Sweden), together with
closing remarks by the Chairman.

I I. Basic Fluid Dynamics

SProf. Gersten commented first that, whilst Prof. Hancock's opening paper had put forward careful distinctions
between stalling, "departure', flow separation, buffet onset, etc., the meeting had shown no general agreement on
matters of definition. It appeared to be generally accepted, however, that whilst separation is a necessary condition
for stalling, stalling is not necessarily a concomitant of separation. In the simplest case of separation in two-
Sdimensiopl flow, the need for further theoretical and experimental research renains evident: experiments need
S to be maae at higher Reynolds numbers, with parallel theoretical analyses. The flow situation comprises, typically,
S laminar separation followed by transition in the free shear layer, and then turbulent reattachment followed by
S turbulent separation towards the trailing edge; in these circumstances it is no longer possible to calculate the
external flow separately from the separated region. One of the papers presented at the meeting (Paper 5) makes a
first attack on the problem; mention was also made of Jacob's approach, and there is also the possibility of
extending A.M.O.Smith's method to this strong-interaction problem. As regards laminar separation there is also
available the paper, published in 1969 by Miss S.N.Brown and Prof. K.Stewartson in Vol. 1 of Annual Reviews of
Fluid Mechanics (ed. W.R.Sears) pp.45-72.

The problem of the free shear layer has not yet been properly posed and solved, and represents an important
area needing further study. The reattachment region needs a great deal more investigation, and the properties of
the shear layer at reattachment constitute the initial conditions for calculating the stbsequent (turbulent) boundary-
layer development.

Prof. Domingos stressed first the importance of clear terminology: in particular, separation refers to the region
where the mainstream velocity u is less than zero: mathematically, the boundary-layer equations then have no
classical solution, whilst physically the approximations based on order-of-magnitude arguments are no longer valid.
Usually, separation is accompanied by transition from laminar to turbulent flow and there is a tendency to regard
transition and separation as synonymous: this must be avoided. The above definition of separation applies equally
to laminar or turbulent flow (in the latter case with it understood to be i7 ).

Because different phenomena enter at separation, both mathematically and physically, it is nc longer possible
to use classical boundary-layer theory in any fundamental way, for the flow can only be described by elliptic
equations: in physical terms, downstream effects can no longer be neglected within the separated-flow region. The
complete problem can be treated numerically. For an approximate treatment, if the separated region is small its
effects on the outside region (where it > 0 and boundary-layer theory can be used) can be taken into account
empirically in several ways including profile methods, weighted-residual methods or their equivalent. This type of
approach can have great practical value, but its basic inadequacies should be clearly understood, together with the
limited scope of predictions based on them.

The above brief remarks relate to the mathematical treatment, which is the only problem in laminar flow.
When transition occurs after separation we have as yet no adequate physical model for taking turbulence into account
in the basic equations. This is also true of turbulent separation, even when a turbulence model of the eddy-viscosity
(or a more refined) type can correctly predict the flow up to separation and downstream of reattachment. Only
exceptionally will the whole flow be laminar; and the problem of turbulence is still far from solved. For these
reasons it is understandable that there is a strong tendency to ignore what can be accomplished using existing
methods for solving the basic elliptic equations, and to resort to empirical approaches covering both mathematical
and physical aspects of the problem. This, however, provides no justification for confusion over concepts, nor for
expecting boundary-layer theory to undertake tasks that it is inherently not contrived to fulfil.

* It has not been possible to include a verbatim account, owing to a technical fault in the recording of the session, discovered afterwards.
This Summary has therefore been prepared instead, by Dr R.C.Pankhurst, from notes taken at the meeting, together with written
statements kindly provided by several of the speakers. Since not every contribution had been noted, apologies are due to those whose
remarks have been inadvertently omitted. 9
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The Chairman agreed about !he impropriety of continuing to use ),oung1ary-fiiye" theory in regions where the
flow was separated, and about the need to use different methods of solutiopn: in practice this would probably
imply going over to numerical analysis. Prof. van Ingen added that the clacsical approach to solving the elliptic
problem of the viscous flow around an airfoil section is a repeated applicatio) of parabolic boundary layer calcula-
tion methods. In most of these methods the boundary layer conditions at the truling-edge of the airfoil determine
Stie irculation and hence the upstream pressure distribution. After correcting the pressure distribution the boundary

F tlayer js recalculated etc. Hence the ellipticity of 1he problem is (at least approxinlately) taken into iccount by
repeated applications of a parabolic method. Apart from mathematical considerations, Mr Dobbinga stressed the
great complication of the engineering problems discussed at t,• meeting.

The Chairman asked if the general line of advance in three-dimensiona) flow would te by way of gaining a
basic understanding or by a more direct attack. Dr Korkegi considered that the line of advance in three-dimensional
flows will be through .basic understanding of the physics. As regards turbulent boundary-layers, the transport
properties are not known adequately, so that use is still made of concepts such as eddy-viscosity or mixing lengths.
We are conscious that turbulent transport properties are dependent on flow history, unlike laminar properties which
are dependent only on local conditions. Further progress should follow with improved mathematical models.

Also, in respect to a previous comment, he would not be inclined to discard boundary-layer theory whenever
flow separation arises. While he agrees in principle that such flows ought strictly to be tackled by means of the
Navier-Stokes equations, considerable useful progress is beinD made by extending boundary-layer theory, particularly
in cases where the scale of separation is much larger than the bolindary layer (or zJ~ear layer) thickness.

2. Wing Theory and Experiment

Mr A.M.O.Smith observed generally that we are getting to the point where we can make a fairly good job of

analysing fully attached, two-dimensional flows. Good progresb js being made and several of the papers at this
meeting represent significant steps ahead. I herefore it seems that empha~i. n'on the problems of flows with partial
separation should increase. Two-dimensional flows, especially fully attached flows, are attractive to analyse and
much still needs to be done; but it must be remembered that the flows of importance aw tlhret,-dimensional. If
we, as research engineers, are to be really useful we 3hould work on problems that help the designer, nt just ones
for which we can easily find answers and produce papers.

Flows with partial separation should be attacked with both careful wind tunnel tests and theory. Van Ingen's
work is a good example of the kind of work needed. By 1980 we should see very useful three-dimensional solutions
in the low Mach number region. The '60's saw us fairly well clean up the two-dimensional problem and the '70's
will probably see us do the same on the Ciree-dimensional problem. But the three-dimensional will still be simple
flows. It will cover wings alone and bodics of nearly any cross section, but definitely not wing-fuselage combinations,
nor wings with nacelles or stores on them. It is worth noting, however, that for the inviscid flow aspect we essential-
ly can analyse any geometry that may arise, including those just mentioned, providing bodies are streamlined so that
gross areas of separation do not exist.

The hangup is in the part where neither boundary-layer nor mviscid theory applies, as at corners, or for vortexgenerators, fences, etc. It is worth noting that one book is already available on the subject of three-dimensional
turbulent boundary-layers - by Nash and Patel.

The aerodynamics of design can be broken down into two categories:-

1. Those charged witl, final design must work along in any way they can. Often they must cure a problem
without understanding the illness at all. They often must depend on cut and try methods using both
wind tunnel and flight tests. For this kind of problem, theory is inadequate and wind tunnels are essential.
this is ad hoc testing and it is rare that any general knowledge is gained that can be carried forward to the
next design.

2. Somewhat in the background, more often following than leading, is the science of fluid dynamics. Some-
times it leads by pointing out something new. But more often its r(,!e is to analyse an existint; device
more accurately and give understanding lo basic flow phenomena. Th`. design aerodynam-cist can then
take this knowledge and do a better job, perhaps by eliminating butches, or reducing the number of triea.
in developing a "fix". Foster's and F.X.Wortmann's papers are examples that help point out proper
directions in design. Mr Smith said he would expect this same relative role to continue far into the future.

It might be helpful for the Panel to identify important pr3blem areas and by so doing encourage research in
those areas. As already indicated, sonic of the major areas are floms with partial separation at both low speed and
transonic. Another area is three-dimensional flows. We have advanced to the point where work i. this area should
yield results. Ten years ago it would have been somewhat piemature, other than dcing foundation work, such as•.': ~the basic equations. [ 2
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In simple problems, wind tunnel tests at chord Reynolds numbers of 6 million are:sufficient. But at high
Mach numbers where new effects come in, that may not be enough. Ofien, components are much sMaller than
the mean aerodypamic chord so their own Reynolds numbers would still be quite low. A wing tip on a highly
tapered wing is an example. Hence Mr Smith would favour rome higher Reynolds numbei facility. However5 he
warns that important discrepancies bciVeen wind tunnel and flight will still exist, even though Mach number and
Reynolds number were matched exactly. Some reasons are: 1. General measuring accuracy. 2. A model is never
an-exact reproductien of-an airplane. 3. The support and its corrections. 4. Wall~effects. These are still a consider-
able mystery. As far as he knows, for really correct testing the walls should have different porosities for drag
measurement than they do for lift measurement.

But we continue to run into troubles requiring very costly flight tests. Hence further improvement in accuracy
of wind tunnel tests certainly seems warranted.

The Chairman observed that whilst it was not going to be possible to get away from development work com-
pletely, research workers should surely take their ývork forward as far as they could. He invited comments on the
proposition that, in wind tunnel investigations, greater emphasis needs to be placed on the task of distinguishing and
quantifying the respective effects of Reynolds number and Mach number on high-lift systems. Major Bowman
suggested that theory and experiment would eventually become effectively integrated in an "electronic wind tunnel"
in which experiments would be made (on a computer) that would simulate a required situation better than is
possible in the conventional wind tunnel as we know it today. Meanwhile, methods are now available for calculating
three-dimensional flows with shock waves; 9ther work is in hand on viscous problems, and the two advances will
later have to be tied toge0.her. However, Mr Foster felt that we are not likely to be able to calculate the complex
flow around a finite-aspe;t-ra(Wi wing with high-lift devices, and so we shall need to pontinue to resort to wind
tunnel testing. The requirement of extrapolating to full-scale Reynolds numbers, combined with the large effects of

Mach number, makes it essential to be a•jle to measure the effects of these two variables separately by means of a
pressurised wind tunnel.

3. Flight Experience

As an applied aerodynamicist interested in aircraft design, Mr Wifllpress was impressed by the capability of the
theoretical aerodynamicist to describe analytically the flow pattern uijde,- conditions of separated flow. The large
capacity computer with its ability to handle readily large matrix equations has enabled the theoretician to make
appreciable advances in the last several years. On the other hand, hp was somewhat disturbed by a large amount of
effort being put into the precise analytical description of the separated flows. To the design aerodynamicist, a
separated flow, generally, is an undesirable condition. It is a bound or limitation to the penir;mance of an aero-
dynamic surface. More effort should be expended in leaining about the conditions that cause separation so they
can be eliminated and this bound pushed back with a resulting improvement in aerodynamic perforjjiaoce.

Theoretical aerodynamicists need to appreciate the tremendous pressures of time and money under which the
design aerodynamicist operates. If an analytical procedure is to be used during an aircraft design, it must be readily
uilders•ood and readily applied to the real situation. Too often, good theoretical work is left in so complicated a
form that ih9g design aerodynamicist must cast it aside and use a simpler, more empirical approach. Also, the
theoretical aerodypamicist can contribute to the development process by describing the basic physics of fundamental
flow patterns so that the applied aerodynamicist can recognize them when they are encountered in airplane design.

Airplanes using power to sustain on Ippreciable portion of their weight are being developed all over the world.
These airplanes will not have a stall as we itqr-nally interpret it for conventional airplanes. The industry has little
experience in this type of aircraft. With the e'cei,;jon of the Harrier, there appears to be no production airplane
routinely flying below its power-off stall speed. Certiftielion rules for proper margins for this type of aircraft have
not yet been defined, aithough much thought has been given to it about the world. In the past, design certification
rules were developed only after an airplane representative of the type had been flown, tested and thoroughly evalu-
ated. That is, operational and certification rules developed after a successful design was developed, not before.
Powered-lift airplanes will be no exception, and it is time to develop such an aircraft so that its operational limita-
tions can be investigated.

In Mr Wimpress's view, wind tunnels and other experimental laboratories will always be necessary to iandle the
many non-linear problems encountered in aircraft design that are not susceptible to theoretical analysis: he did not
share the feeling of many that if high Reynolds number facilities were available for wind tunnel testing, most of
our flight test/wind tunnel data anomalies would disappear. There are other factors that are probably more import-
ant, such as proper model representation of the airplane, support system interference, and tunnel wa.l constraints,
particularly very close to Mach 1. Some of the effects of these factors are even more difficult to extrapolate from
the model data to the full scale quantities than are those changes associated with Reynolds number differences.
Better design data might well be obtained by concentrating on these areas than through equivalent effort towards
obtaining full-scale Reynolds number representation.
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Mr Antonatos agreed about the continuing need for wind tunnel investigations; an experimental approach is
essential. to the evaluation of any new aircraft type.

4. Review Statements

Mons Lievens began by discussing Reynolds number effects. Whether in comparing theories or in extrapolating
results, it is essential to distinguish major effects (changes in type of flow) from minor effects, and to take cognis-
ance of corrections needed in the case of particular wind tunnels: these vartous aspects must be carefully separated.
The first requirement, rather than simply to achieve a high Reynolds number, .s to ensure the right type of flow: if
the type of flow is correctly reproduced, then extrapolating the results to full-scale conditions is fairly easy. Thus
we must have adequate prediction methods: Paper 6 is particularly relevant here, and other work is in progress
elsewhere. On the other hand, wind tunnel corrections appear to be receiving insufficient attention. High Reynolds
numbers are certainly highly desirable, but there is no given value above which full-scale conditions always exist.
Again, many mistakes have been made in the past by paying inadequate attenkion to information obtained at lower
Reynolds number and ascribing to the low Reynolds number a failure to foresee phenomena encountered subsequent-
ly: all situations must be analysed completely. It is essential to devote large 2mounts of effort to evaluating tunnel
corrections, to developing powerful theoretical tools for identifying the situations to be studied in the wind tunnel,
and to exploiting fully the results.

Mr Horsfield felt that there is too often a tendency to conduct "backward-looking research" to improve aircraft
retrospectively: there is a pressing need for forward-looking project research th2t gets all too easily suppressed under
everyday pressures. It would be invaluable to experiment in the wind tunnel on aircraft projects, extending the range

of the stalling investigations right up to the conditions of "departure", which he agreed to be of gre,12r importance
than the spin.

After recalling that the Chairman had asked what help the theoretician could give ' solving the problem of
predicting separation on aircraft, and that one of the things that Prof. Gersten suggested for analysis was the trans-
ition development above laminar separation bubbles, Mr Ingelman-Sundberg pointed out that one of the real problems
facing the aircraft designer is the prediction, from low Reynolds number wind tunnel tests, of full-scale high Reynolds
number maximum lift coefficients. The errors in the model test are of two different types: model separation at the
leading edges can be of the laminar type when the corresponding full-scale aircraft will experience turbulent separa-
tion, and the turbulent boundary layer over the rear of the wing will also be relatively thicker and less resistant to
adverse pressure gradients in the model than in the full-scale case. The separation kind of errors are very large and
proiably dominate the errors due to effects of the too thick turbulent boundary layer rearward.

If it were possible to p741.,ict theoretically the transition point for the full-scale cawe this would be of great
importance because it would tli•n be possible Jo know if one should use transition trips on the model forward of
the laminar separation roint or possibly not.

It is all the more important as there is no mean chord model Reynolds number which can be said to be suffici-
ent, except the full-scale value, which however does not seem to be an economic optimum either, for a complete
aircraft configuration. If a change in separation type over a slat or leading edge occurs at 70% of full-scale Reynolds
number, a test at 60% is not at all good even if this is a very high Reynolds number. On the other hand if the
separation type is already correct at 10% full-scale Reynolds number the test at that value is a good one.

The economic value of finding a theoretical method for predicting the relative locations of the transition and
laminar separation points would really be very large.

One example of what can be done with transition trips for high angle of attack testing of a model modified
with a peaky profile is shown in Figure 1. The aircraft has a moderately swept wing and the model Reynolds
number is 2 million based on mean chord.

The maximum lift was limited by a long bubble-type of laminar leading edge separation. The modification from
the ordinary profile to the peaky type caused a loss in model CLmnax of more than 0.2 for both clean and landing
configurations.

Preventing the laminar separation with thansition trips one row of tape bulbs 1/4000 Jhord high, also prevented
the drop in maximum CL . Later the flight tests at Re = 10 million with the full-scale aircraft snowed that the
peaky modification had not influenced the stall speed. The factor 4.5 in Reynolds number in this case caused a
complete change in stall type and even with that relatively typical model Reynolds number, he ttzts would have
been misleading without the transition technique and surface flow studies.

Regarding the Chairman's question if something could have been overlooked in the program and discussions,
possibly surface roughness effects (especially at leading edges) could have deserved a •ittle more attention. It was
mentioned briefly earlier by one speaker who call~l "tarmac on leading edges a very local piblem".
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On fast military aircraft in service, however, rain erosion :ffects on leading edges can be a rather common
problem influencing, at least on certain aircraft types, the stall behaviour. Th,. swept wing attack aircraft in Figure
2 with a 64A010 section is an examp!e of this.

Aften ten years in sermie an increasing number of individual aircraft have developed a disturbing yaw tendency
at roughly "over the fence speed" of 250 -270 km/hour indicated. A slight dist'irbanc,. existed also an normal
aircraft but on :et .in specimens it had grown to an unacceptable level needing tall rudder for control. The yaw is
caused by a slightly unsymm, trical onset of leading edge separation outside the I.. ag edge fences. With symmet-
rizal separation the yaw disappears and the plane is fully controllable down to much lower speed.

Inspection of one of the problem aircraft selected for tests showed visible rain erosior. marks which, however,
when measured with a roughness meter Aere not more than 0.006 mni top to bottom compared with 0.000b mm
on new aircraft. The leading edges are normally left without paint.

It was assumed that the vnl5 possible way the roughness could influence the flow would be by triggering
trans.Liorn and changing separation from possibl laIminar type to a turbtient type. In the case when, due to
unsymmetrial roughness, this occurred only oi ontc wing, separation would be postponed to a lower spr.-d and
thus the yaw developed.

On this aircraft, %%hicY. was so bad that it was unacceptable for service, tests have been made to trip the bound-
ary layer symmetrically with a 12 mm wide and 0.2 mm thick tape which was put over the leading edge outside the
fences The top edge of tLe tape is located where the transition trips in wind tunnel models have betcn shown to be
effective.

The yaw disturbance befor, the landing almost disappeared and it was even lei tharn for normal aircraft.

Although the tests are not yet completed it seems possiblb that the use of transition trips can be a means not
only to compensate for :co low model Reynolds numbers in wind tunnels but also as a tool for modifying the stall
characteristics of certain full-scale aircraft.

5. Conciusion

The Chairman said that it was scarcely possible to sum up the nclusions of the Round Table in a few words.
indeed. the Round Table had itself stimulated further thoughts, around which discussion should be continued. As
regards, fundamental research, however, lie urged that greater attention might be paid to flow reattachment and
downstream development, to balanlce the emphasis currently bting placed on the separation phenomenon. Also,
due account sho, ' be taken of what could be achieved by numerical analysis.

Coming to the applied research, in the Lase of transport aircraft it seemed that the important place of wind-
tunn, I work was generally accepted the wind tunnel can contribute a great deal of exploratory information and
thus effect economies in the subsequci., developnent task. More needs to be done, however, oi separating out the
effects of Rey nolds number from those of Mach iiumber, and this may well require an increase in tunnel capability
over that currently available, at least in Europe.

For combat aircraft, the respective roles of wind tu,&.:1 research and flight testing of particular types are less
clear Thus for example, according to Paper 25 the stall angle of attack at a given speed and Mach number should
be defined as the lowest of the angles for (a) the highcst attainable load factor (normal to the flight path), tb) the
occurrenC of uncommanded pitching, rolling or yawing motion, and to) unacceptably high buffet level. There
remains the question of whether or not the w,nd tunnel should bc used to study all three areas and, if so, how.
Piper 18 suggests problems in the •csC of a loig, thin fuselage nose, whiL.h might persist to full-scale Reynolds
.rlAbors because they are due to shedding of a von Kdirm,in vortex trail, in this context, French experiments on

cones at high angles of attack are highly releint. More work of this kind should be undertaken, to study the
effect of body shape on the flow pattern created, and of the extent to which a full-scale pattern can be simulated
in wind-tunnel experiments at lower Reynolds nuir ber. As for buffet prediction methuds, that given by Mr. Bore,
for example, has been shown to work very well there remains the question of generality, however, and of the
conthdence with wNinch such inetiios conld be used in other cases.

Whilst a cormilcte sunth.,ary if the results of the met ing was not possible at this stage, the preparation of the
TeC•hnica' Lvaluation Report would explure the possibility of drawing out sp ifi recommendaitions for future work.
As a concluding thought from the ,eeting the Chairnman r.,.alled a slide shu vr in Paper 25 dcpicting the A7 air,.raft
"on the point of departure" and the accompainlmg 1ommnlct that hei c the 1 ,t4 was about to get iito real trouble,
the way out of which, for that particular aircraft, was to release the stick anu illow the aircraft to r~gth itself No
pilot, the (lhairnian suggsted, should b. required to find that out for himself so long as there was any thlng more
that outuld be done by %ind tunnel and oth,r in estigations to understand and prepare for such a situation •n
advin.e With these -ciarks til, ('hairm,,n brought the pro.ccdings to a ,.lose %ith thanks to authors of papers,
contrlautors of prepared comments, Dnimbcrs of the Progranmmc Committee. to the hosts of the meeting with their
many and varied heiters, and to the excellent simultaneous translation s iervce
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AGARD PUBLICATIONS IN RECENT'YEARS

CATEGORY i - PUBLISHED BY TECHNIVISION SERVICES AND
PURCHASABLE FROM BOOKSELLERS OR FROM:-

Technical Press Ltd Hans Heinrich Petersen
112 Westbourne Grove Postfach 265
London W.2 Borsteler Chausee 85
England 2000 Hamburg 61

West Germany

Circa Publications Inc. Diffusione Edizioni Anglo-Americaine
415 Fifth Avenue Via Lima
Pelham 00198 Rome
New York 10803, USA Italy

1969

AGARDograph 120 Supersonic turbo-jet propulsion systems and components
Edited by J.Chauvin, August 1969.

1970

AGARDograph IIS5 Wind effects on launch vehicles
By E.D.Geissler. February 1970.

AGARDograph 130 Measurement techniques in heat transfer
By E.R.G.Eckert and R.J.Goldstein, November 1970.

Conference New experimental techniques in propulsion and energetics research
Proceedings 38 Edited by D.Andrews and J.Surugue, October 1970.

CATEGORY II - NOT ON COMMERCIAL SALE - FOR
AVAILABILITY SEE BACK COVER

1965

Report 514 The production of intense sheai layers by vortex stretching and convection
By J.T.Stuwirt, May 1965. (Report prepared for the AGARD Speciahsts' Meeting on
"Recent dzvelopments in boundary layer research", May 1965.)

AGARDograph 91 The theory of high speed guns
By A.L.Seigel, May 1965.

AGARDograph 97 Recent developments in boundary layer research
"(in four parts) AGARD Specialists' Meeting, Naples, May 19")5.
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AGARDograph 102 Supersonic inlets
By lone D.V.Faro, May 1965.

AGARDograph 103 Aerodynamics of power plant installation
AGARD Specialists' Meeting, Tullahoma. October 1965.

1966

Report 525 The pitot probe in low-density hypersonic flow
By S.A.Schaaf, January 1966.

Report 526 Laminar incompressible leading and trailing edge flows and the near wake rear stagnation
point
By Sheldon Weinbaum, May 1966.

Report -539 Changes in the flow at the base of a bluff body due to a disturbance in its wake
By R.Hawkins and E.G.Trevett, May 1966.

Report 542 Transonic stability of fin and drag stabilized projectiles
By B.Cheers, May 1966.

Rejort 548 Separated flows
(Round Table Discussion), Edited by J.J.Ginoux, May 1966.

Report 550 A new special solution to the complete problem of the internal ballistics of guns
By C.K.Thornhill, 1966.

Report 55! A re. !w of som= recent progress in understanding catastrophic yaw
Byv .D.Nicolaides, 1966.

AGAPDograph 109 Subsonic winj tunnel wall corrections
By Gardner, Acum and Maskell, 1966.

AGARDograph 112 Molecular beams for rarefied gasdynamic research
By J.B.French, 1966.

AGARDograph 113 Frecflight testing in high speed wind tunnels
By B.Dayman, Jr, 1966.

Conference Separated flows
Proceedings 4 Specialists' Meeting, Rhode-Saint-Genase (VKI), May 1966.
(two parts and one
supplement)

Conference The fluid dynamic aspects of ballistics
Proceedings 10 Specialists' Meeting, Mulhouse, September 1966.

Conference Recent avances in aerothermochemistry
Proceedings 12 7th AGARD Colloquium sponsored by PEP and FDP, Oslo, May 1966.
(in two parts)

1967

Repbrt 558 Experimental methods in wind .unnels and water tunnels, with special emphasis on the
hot-wire anemometer
By K.Wieghardt and J.Kux, 1967.

Advisory Report 13 Aspects of V/STOL aircraft development
(This report consists of three papers presented during the joint session of the AGARD
FDP and FMP held in Gbttingen, September 1967.)

AGARDograph 98 Graphical methods in aerothermodynamics
By O.Lutz and G.Stoffers, November 1967.

AGARDograph I I' Behaviour of supercritical nozzles under three-dimensional oscillatory conditions
By L.Crocco and W.A.Sirignano, 1967.
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AGARDograph 119 Thermo-molecmbr p •re effect3 in robes and at -,rfi'zresBy &.Kinslow and G.D.Arney, Jr, 1967.

AGARDograph 121 Techniques for me2-aswment of dynamic stability 6erivatives in ground test facilities
By C.J.Schu1r. LK.Ward and A.E.Hodapp, Jr, 1967.

AGARDograph 124 Nonequinibrium effects in supersonic-nozzle flom
By J.Gordon Hall and C.E.Treanor, 1967.

Conference Fluid ph)sics of hypersonic wakes
Proceedings 19 Specialists" Meeting, Fort Collins. Colorado, May 1967.
(in two parts)

'.onferznce Fluid dynamics of rotor and fan supported aircraft at ubsonic speeds
Proceedings 22 Specialists' Meetirg, Gottingen, September 1967.

Conference As above - with supplement
Proceedings 22 - S 4

1968

AGARDograph 132 The electron beam fluorescence technique
By E.P.Muntz, 1968.

Conference Hypersonic boundary layers and flow fields
Proceedings 30 Specialists' Meeting, London, May 1968.

Conference Supplement to the above.
Proceedings 30 Suppl.

Conference Transonic aerodynamics
Proceedings 35 Specialists' Meeting, Paris, September 1968.

Conference Supplement to the above.
Proceedings 35 Suppl.

1969

Advisory Report 1'7 Technical Evalustion Report on AGARD Specialists' Meeting on Transonic aerodynamics
By D.Kilchemann, April 1969.

AGARDograph 134 A portfolio of stability characteristics of incompressible boundary layers
By H.J.Obremski, M.V.Morkovin and M.Landahl, 1969.

AGARDograph 135 Fluidic controls systzms for aerospace I .pulsion

Edited by R.J.Reilly, September 1969.

AGARDograph 137 Tables of inviscid supersonic flow about circular cones at incidence y' = 1,4
(in two parts) By D.J.Jones, November 1969.

Conference Aircraft engine noise and sonic boom
Proceedings 42 Joint Meeting of the Fluid Dynamics and Propulsion and Energetics Panels, held in

Saint-Louis, France, May 1969.

Confezence The aerodynamics of atmospheric shear flow
Proceedings 48 Specialists' Meeting, Munich, September 1969.

1970

Report 575 Test cases for numerical methods in transonic flows
By R.C.Lock, 1970.

Advisory Report 22 Aircraft engine noise and sonic boom*
By W.R.Sears. (Technical Evaluation Report on AGARD FDP and PEP Joint Meeting
on "Aircraft engine noise and sonic boom".) January 1970.

.See also Advisory Report 26 by J O.Powers and M.Pianko, June 1970. AR26 has the same title as AR22 but was produced by
the Propulsion and Energetics Panel of AGARD and deals primarily w:th engine noise.
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Advisory Report 24 The aerodynamics; of atmospheric shear flows
By JLECermak and B.W.ýMarsdiner 3-ay 1970. (Techincal Evalluation Report on AGARD
Speciplists' Meeling on -T he aerodynamircs of atmospheric shear flows".)

Advisory Rej'ort 30 Blood circulation and respiratory flow
By J1 F.Gross and K.Gersten, December 1970. (TechnicAl Evaluation Report on AGARD
Specialists Meeting on the aboive subject-)

AGARDograph 133 Ballistic range technology
By T.N.Cannin,. November 1970.

AGARDograph 144 Engineering, analsis of nan-Newtonian fluids
By D.C.Bogue znd J.LIhite, July 1970.

AGARDoggraph 145 IWid tunnel pressure measurement techniques
By D.S.Bynum, R-LLedford and W.E.Smotlierman, December 1970.

AGARDo~grph 146 The numerical solution of partial differential equations governing convection
By H.Lomax, P.Kutler and F.B.Fuiler, November 1970.

AGARDograph 14V Non-recting and chemically reacting -i~sfosoe yebli thproi

condition
Edited by C.H.Lewis. (M.Van Dyke, J.C.Adams, F.G.Blottner, A.M.O.Sznith, R.T Davis
and G.LKeltner were contributors.) November 1970.

Conference Numerical mnethnods for viscous flows
Proceedings 60 By R.C Lock, November 1970. (Abstracts of papers presented at a Seminar held by the

FDP of AGARD at the NPL, Teddington, UK, '8-21 September 1967.)

Conference Preliminary design aspects of military aircraft
Proceedings 62 \Mzr-h 1970. AGARD Flight Meclkznics Panel Meeting held in The Haglic, The Netherlands,

September 1969.

Conference Fluid dynamics of blood circulation and respiratory flow
Proceedings 65 Specialists' Meeting, Naples. May 1Q70.

Conferenc Aerodynamic interference
Proceedings 71 Specialists' Mfeeting. Silver Spring. Maryland, USA. September 1970.

1971

Report 588 Aerodynamic testing at high Reynolds numbers and transonic speeds
By D.Kfichemann. 1971.

A-I'isory Report 34 Aerodynamic interference
By D.i.Peake, May 1971. (Technical Evaluation Report of the Specialists' Meeting on
"'Aerodynamic interference", September 1970.)

Advisory Re; ort :5 Report of the high Reynolds number wind tunnel study group of the Fluid Dynamics
Panel
April 1971

AL~visory Repor' 336 Report of the AGARD Ad Hoc Committee on Engine-airplane interference and wall
corrections in transonic wind tunnel tests
Edited by A.Ferri, F.Jaarrma and R.Monti, August 1971.

Advisory Report 3' Facilities and techniques for aerodynamic testing at transonic speeds and high Reynolds
number
By R.C.Pankhiurst, October 1971. (Technical Eialuation Report on Specialists' Meeting
aeld in Gbttingcn. Germany. April 1971.

AGARDograph 137 Tables of inviscid supersonic flowv about circular cones at incidence, y 1.4

(third volume) Part Ill, by D J.ones, December 1971.
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AGARDoMME. 148 Heat transfer in rocket engines
By KlZiebland and RC.Parkinson, September 197;.

Confererice Facilities and techniques for aerodynamic testing at !ransonic speeds and high Reynolds
Proccedings 83 number

August 1971. Specialists' Meeting held in G6ttingin, Germawy, npril 1971.

Confer-cnce Inle!s and nozzles for aerospace engines
Proceedings 91 Dlcember 1971. Me ':ing "eld in Sandeijord, Norway, September 0971.

1972

Report 598 Experiments on mareagement of free-stream turbulence.
By R.I.LPohrke and N.M.Nagib, September 1972.

AGARDograph 156 Planzr inmiscid trai'sonic airfoil theor-
By fl.Y-shihara. ;:ebruary 1972.

AGARDograph 161 Ablation
by H.Hurwicz. K.M.K-atsch and J.E.Rogan, March 1972.

Conference Turbulent shear flows
Proceedings 93 January 1972- Specialiss' Meeting held in Londo2 ;. England, September 1971.

Advisory Report 46 Turbulent shear flows
By R.Michel. July 1972 (Technical Evaluation Report of the Specialists Meeting on
"Turbuient ':.ear Flows". September 1971).

Lecture Series LS42 Aerodynamic problems of hypersonic vehicles. (Two volumes)
Ed. R.C.Pankhurst, July 1972

Lecture Series LS49 Laser technology -n aerodynamic measurements
Ed. R.C.Pankhur-4, March 1972.

Lecture Series LS53 Airframe/engine intepretion.
May 1972.

FORTHCOMING PUBLICATIONS 304
AGARDograph Supersonic ejecturs

Ed. J.J.Ginoux
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